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FATIGUE TESTS OF WELDED JOINTS IN 
STRUCTURAL STEEL PLATES 


I. LytrRopuctTIion 


1. Object and Scope of Investigation—The primary object of this 
investigation was to obtain information on which to base specifications 
governing the design of welded structural members subjected to either 
reversed or pulsating stresses. 

One of the deterrents to the use of welds as a means of fabricating 
bridges has been a lack of knowledge of the fatigue strength of welded 
joints. Engineers who had become accustomed to thinking of the 
static strength of carbon structural steel as being of the order of 
63 000 Ib. per sq. in., and of the fatigue strength of machined speci- 
mens of the same material as being of the order of 47 000 lb. per sq. 
in.,* were somewhat disturbed by the reports of early European tests 
which showed a fatigue strength of structural members connected by 
welds as low in some instances as 15 000 Ib. per sq. in. The situation 
indicated clearly that fatigue tests of welded joints, as large as it was 
feasible to test, would have to be made before American engineers 
would fabricate bridges by welding. Realizing this situation, the 
Welding Research Committee of the Engineering Foundation organized 
a committee, known as Committee F, to plan and carry out an investi- 
gation such as appeared to be needed. This bulletin is a progress 
report of the resulting investigation. The tests have been planned by 
Committee F, of which Jonathan Jonest is chairman, and they have 
been financed by the Chicago Bridge and Iron Company, the Public 
Roads Administration, Federal Works Agency, and the Bureau of 
Ships of the United States Navy. The Carnegie-Illinois Steel Corpora- 
tion, the Bethlehem Steel Company, Lukenweld, Inc., the Bureau of 
Ships, the G. E. X-Ray Corporation, the Chicago Bridge and Iron 
Company, the Lincoln Electric Company, and the Lasker Boiler and 
Engineering Corporation contributed materials and services. The tests 
were made at the University of Illinois. 

The members of Committee F were: 

JONATHAN JonES, Chairman, Chief Engineer, Fabricated Steel Con- 
struction, Bethlehem Steel Company, Bethlehem, Pa. 


*This is for a cycle in which the stress varies from 0 to tension and for failure at 2 000 000 
cycles. For complete reversal and for failure at a much greater number of cycles the fatigue 


strength would, of course, be still less. 
FChict Engineer, Fabricated Steel Construction, Bethlehem Steel Company, Bethlehem, Pa. 
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Leon C. Brsper, Welding Engineer, Carnegie-Illinois Steel Cor- 
poration, Carnegie Building, Pittsburgh, Pa. 

H. C. BoarpMan, Research Engineer, Chicago Bridge & Iron Com- 
pany, Chicago, Illinois. 

A. W. Carpenter, Engineer of Bridges, New York Central Rail- 
road, New York City, N. Y. 

Evererrt CuapMan, President, Lukenweld, Inc., Coatesville, Pa. 

F. H. FranKianp, Chief Engineer, American Institute of Steel Con- 
struction, Inc., New York City, N. Y. 

A. L. Gemeny,* Senior Structural Engineer, Public Roads Admin- 
istration, Federal Works Agency, Washington, D. C. 

C. F. Goopricu, Chief Engineer, American Bridge Company, Frick 
Building, Pittsburgh, Pa. 

LaMorre Grover, Structural Welding Engineer, Air Reduction 
Sales Company, New York City, N. Y. , 

O. L. Grover, Principal Highway Bridge Engineer, Public Roads 
Administration, Federal Works Agency, Washington, D. C. 

S. C. Hotuister, Dean, College of Engineering, Cornell University, 
Ithaea, N. Y. 

W. C. Hopkins, Bridge Engineer, State Roads Commission, Balti- 
more, Md. 

Otis E. Hovey, Consulting Engineer, New York City, N. Y. 

G. F. Jenxs, Colonel, Chief of Technical Staff, Ordnance Depart- 
ment, U.S. Army, Munitions Building, Washington, D. C. 

EK. F. Kewury, Chief, Division of Tests, Public Roads Administra- 
tion, Federal Works Agency, Washington, D. C. 

A. B. Kinzex, Chief Metallurgist, Union Carbide & Carbon Re- 
search Labs., New York City, N. Y. ~ 

L. 8. Motsserrr, Consulting Engineer, New York City, N. Y. 

CrypE T. Morris, Professor of Civil Engineering, Ohio State Uni- 
versity, Columbus, Ohio. 

F, E. Scumirr, Editor, Engineering News-Record, New York City, 
N.Y, 

Wm. SpraraGeN, Executive Secretary, Welding Research Commit- 
tee, Engineering Foundation, 29 West 39th Street, New York City, N.Y. 

P. W. Snyper, Lieutenant, U.S.N., Bureau of Ships, Navy Depart- 
ment, Washington, D. C. 

G. H. Trnxer,j Bridge Engineer, New York, Chicago and St. Louis 
Railroad, 926 Terminal Tower Building, Cleveland, Ohio. 


*Deceased, 
tRetired. 
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A. R. Wison, Engineer, Bridges & Buildings, Pennsylvania Rail- 
road, Philadelphia, Pa. 

W. H. Bruckner, Research Assistant Professor of Mining and 
Metallurgical Engineering, University of Illinois, Urbana, Illinois. 

W. M. Witson, Research Professor of Structural Engineering, 118 
Talbot Laboratory, University of Illinois, Urbana, Illinois. 

The fatigue strength of a member, as the term is used in this bul- 
letin, is the maximum stress in a stress cycle that caused failure at a 
definite stated number of cycles when the ratio of the minimum to 
the maximum stress in the cycle had a definite stated value. Three 


ranges of minimum to maximum stress were used in this investigation: 


(1) from a given tensile stress to an equal compressive stress; 

(2) from zero stress to some given tensile stress; 

(3) from a given tensile stress to a tensile stress one-half as great. 

The ratio of the minimum to the maximum stress has been desig- 
nated by r. The values of r for the cycles listed are —1.0, 0.0, and 
+ 0.5. In general, seven identical specimens were tested for each value 
of r. For three, the maximum stress in the stress cycle was so chosen 
as to cause failure, as nearly as it was possible to estimate in advance, 
at 100 000 cycles; for three, the maximum stress was chosen for 
failure at 2 000 000 cycles; and the remaining specimen was used as a 
spare to be tested as seemed desirable after the other six tests had 
been completed. It is not possible to select a stress to cause failure at 
exactly a predetermined number of cycles. The practice was followed 
of reporting the actual stress in the stress cycle and the actual number 
of cycles for failure, and also reporting the fatigue strength cor- 
responding to failure at either 100 000 cycles or at 2 000 000 cycles, 
computed from the actual stress and number of cycles by the use of the 
empirical equation F — S (n/N)*, in which F is the fatigue strength 
corresponding to failure at N cycles, S is the maximum unit stress in 
the stress cycle which caused failure at n cycles, and K is an experi- 
mental constant whose value depends upon the stress-raising char- 
acteristics of the specimen. Although it is an empirical equation it is 
fairly accurate if the ratio n/N does not vary too much from unity. 

The stress over a transverse section of a member subjected to a 
centric longitudinal force is not uniform. Instead, every surface 
indentation, scratch, or change in section, and every internal void or 
inclusion, acts as a stress raiser and causes an intensity of stress in 
its immediate vicinity that greatly exceeds the average stress over the 
section. Although this is realized, the term stress has been used to 
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designate the quotient obtained by dividing the total longitudinal force 
by the area of the transverse section, since the stress was nominally 
axial for all tests. ; . 

The tests described in this bulletin were planned to determine the 
following: 

(1) The fatigue strength of butt welds in %-in. carbon-steel plates 
of structural grade 

(2) The relative fatigue strength of welded and riveted joints in 
low-alloy plates of structural grade 

(3) The effect of frequent periods of rest upon the fatigue strength 
of butt. welds in carbon-steel plates of structural grade 

(4) The effect of transverse fillet welds upon the fatigue strength 
of plates. 

The fatigue tests were supplemented with static tests and metal- 
lurgical studies. 


= 


2. Description of Fatigue Testing Machines—There were two 
machines of each of two types. The large machines, which have a 
rated capacity of 200 000 lb., had been used in the fatigue tests of 


Flame Cur , 
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riveted joints and are described in detail in the report of those tests.* 
The smaller machines had a capacity of 50 000 lb. and were designed 
_ and specially built for these tests. All machines were of the mechanical 
_ type and produced an axial stress in the specimen. They could be 
adjusted so as to give any desired ratio of minimum to maximum 
stress from a complete reversal to a fluctuating stress in either tension 
or compression. A typical specimen for the 200 000-lb. machine is 
shown in Fig. 1 and one for the 50 000-Ib. machine is shown in Fig. 2. 
The machines ran at a speed of approximately 180 r.p.m. and operated 
day and night without an attendant. 


II. Faticue Tests or Burr WELDs IN %%-1N. 
CARBON-STEEL PLATES 


3. Description of Specimens and Tests—The details of the speci- 
mens used in the tests to determine the fatigue strength of butt welds 
in carbon-steel plates of structural grade are shown in Fig. 1. All 
specimens were cut from two parent plates, each 126 in. x % in. x 24 
ft., both of which were rolled from the same ingot. The location of 
the individual specimens in the parent plates is shown in Fig. 3, the 
specimen numbers on this drawing corresponding to the specimen 
numbers in Table 1. Standard tension control specimens, numbers X1 
to X12, were cut from the plates at points indicated in the figure. 
Samples for chemical analyses were taken at points indicated by small 
circles and numbered 1 to 16. The physical properties of the material 
determined from the tests of the control specimens are given in Table 
2, and the chemical composition is given in Table 3. The details of the 
welding procedure are given in Table 4 and Fig. 4. 

In order to study the factors that influence the fatigue strength of 
welds, some specimens were tested in the as-welded condition, for 
some the reinforcement was planed flush with the surface of the base 
plate on both sides, and for others it was ground flush with the base 
plate on both sides with a portable grinder. Some specimens with the 
reinforcement on and some with the reinforcement off were stress- 
relieved by heating to a temperature of 1200 deg. F. for one hour and 
then cooling in the furnace. The others were not stress-relieved. Speci- 
mens without welds, but having the same outline and cut from the 
same parent plates as the welded specimens, were used in control tests 
to determine the relative fatigue strength of welds and of plates 
without welds but with mill scale on the two sides. A few specimens, 


*Univ. of Ill. Eng. Exp. Sta. Bul. 302. 
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some with and some without welds, were tested after the mill scale 
had been machined off and the surfaces polished. 

Radiographs were made of all welds tested, and the specimens 
were rated according to the flaws revealed. The ratings, based on the 
classification described at the bottom of the table, are given in Table 
5. It is of interest to note that of the 94 specimens tested, 54 per cent 
were given an A rating, 42 per cent were given a B rating, only 3 per 
cent were given a C rating, and only 1 per cent were given a D rating. 


That is, only 4 per cent had more than a very small amount of 
porosity. 


4. Results of Tests—The results of the tests of the butt welds in 
%e-in. carbon-steel plates in the as-welded condition are given in 


TABLE 1 
ScHEDULE or TEsts or Burr WELps IN %-4In. Carson-Stee, Piaras 
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; Reinforce-| Stress a . 4 s |Cyele* Specimen Numbers 
t ment |Relieved | _ igg0', Fatigue Tests Static 
1, Tests 
A GG/, GG2, GG3 
Plate B 00/, 002, OO3 GGS 
Without S WwW 
Weld A HH, HH2, H/13, HH4, GGF4 
B PPI, PP2, PPS, fats: HHS 
C | XX/, XK2, XXF 
A Al, AZ, AF 
100 8 LE, Le LS LS 
Cc Q/, Q2, @3 
AS 
A &/, B2, 83, AS 
2000 B Sl, SZ, S38 
- C | RR, R3,04 
A Cr, C2,G3 
/00 B | KL KZK3,K4 
B a C | 9, 52,53 om 
s A Dl, D2, D3, C4 
S 2000 8B LA VEZ, LS 
El 7e 7273, SZ 
: A El, fae, E35 
oad B | ML Me, M3 
Yes A | FL F243, EA, \14, V2 ES 
e Z000 | B | NLN2,N3 
iS Machined Cc VI, U/, V2 
a) OFF A Gl, G2,G3,G4 
/00 B O/, 02, OF 
‘Me C | WAwe,ws es 
A Hl, H2, 12 
hee B | P22, P3, 04 
- /00 A |7,%2r9 
0 
2000 &B LVL LI 22, L078, Lee Ge leg ley VE 
yes /00 B U3,U4 
No /00 B KAS 
Pilate 
Without | Nore Tt No 100 B wwe, WWw32 
Weld [aay 


*Cycles were: 
A- Tension to ar equal cormpressio/7. 
B- 0 to tersior?. 
C- Tension to terrsion # as great. 
+Mil/ scale machined off ard surface pol/sted. 


Table 6. The specimen number is given in column 1 and the number 
of the parent plate from which the specimen was cut is given in 
column 2. Thus specimens C1, C2, C3, and C4 were cut from plate 1, 
shown in Fig. 3, whereas D1, D2, and D3 were cut from plate 2. The 
limiting stress in the stress cycle, S, and the number of cycles for 
failure, n, are given in columns 8 and 4, respectively. The two values 
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TABLE 2 
PuysicaL PROPERTIES OF 7-IN. CARBON-STEEL PLATES 


= ee Strength, Ib. Berea: = Elongation in Reduction 
pyeamen 8 in. of ae 
Oy t er cen 
Yield Point | Ultimate ol a . 
Plate 1 
X1 37 000 65 800 28.8 47.6 
X2 34 700 63 800 30.5 50.5 
X3 35 700 62 300 31.4 53.5 
X4 36 600 63 100 28.2 52.2 
X5 36 600 63. 100 32.2 53.7 
X6 36 500 63 200 30.6 53.1 
Av. 36 200 63 500 30.3 51.8 
Plate 2 
X7 31 400 58 200 30.0 57.0 
X8 34 200 62. 200 32.3 54.5 
x9 35 300 58 800 31.6 56.5 
X10 34 800 60 000 33.8 55.5 
X11 32 200 58 200 30.6 56.0 
X12 32 300 57 200 33.6 56.5 
Av 33 400 59 100 32.0 56.0 


of the fatigue strength F, one corresponding to failure at 100 000 
cycles and the other to failure at 2 000 000 cycles, are given in 
columns 6 and 7. These values were computed from the data in 
columns 3 and 4 by the use of equation F — S (n/N)*, as explained 
in Section 1. This equation, being empirical, is not really applicable 
if the ratio n/N varies too greatly from unity; nevertheless, values of 
the fatigue strength corresponding to failure at both 100 000 cycles. 
and 2 000 000 cycles have been computed for all tests. The fatigue 
strengths based upon values of n/N varying too greatly from unity 
are marked with a small solid circle, which indicates that the values 
may not be accurate, and such values were not combined with those 
not so marked in computing the averages. The values marked with the 
circle are, however, of some interest, as a comparison of the average 
of values so marked and the average of corresponding values not 
marked affords a means of judging the accuracy of the empirical equa- 
tion when used to extrapolate beyond the limits for which it was 
intended, thereby also indicating its accuracy when used within reason- 
able limits. 

Most of the specimens that were tested for failure at a compara- 
tively small number of cycles were cut from plate 1 and those that 
were tested for failure at a comparatively large number of cycles were 
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TABLE 3 
CHemicaL Composition or %-1N. CARBON-STEEL PLATES 


Specimen 


Carbon Manganese Phosphorus Sulphur 


Silicon | Copper 


No | 
coe SS a ee Oe ees eee 
Plate 1 
1 0.28 0.48 0.01 0.03 0.016 0.034 
2 0.30 0.48 0.01 0.03 0.014 0.029 
3 0.31 0.49 0.03 0.03 0.015 0.036 
4 0.25 0.48 0.02 0.02 0.013 0.032 
5 0.31 0.48 0.01 0.03 0.015 0.040 
6 0.25: 0.48 0.01 0.03 0.014 0.032 
7 0.28 0.49 0.01 0.03 0.014 0.033 
8 0.27 0.49 0.01 0.02 0.015 0.035 
Av. 0.28 0.48 0.01 0.03 0.015 0.034 
Plate 2 
9 0.24 0.48 0.03 0.02 0.015 0.034 
10 0.23 0.47 0.01 0.03 0.014 0.028 
11 0.23 0.48 0.03 0.03 0.014 0.032 
12 0.23 0.46 0.02 0.02 0.013 0.035 
13 0.23 0.47 0.01 0.02 0.012 0.032 
14 0.20 0.48 0.01 0.02 0.014 0.031 
15 0.24 0.47 0.01 0.03 0.016 0.035 
: 16 0.22 0.47 0.01 0.02 0.014 0.035 
Av. 0.23 0.47 0.02 0.02 0.014 0.033 
Filler Metal Machined from Specimens 

A2 0.10 0.54 0.18 0.02 0.017 0.028 
B3 0.08 0.51 0.18 0.02 0.018 0.031 
D1 0.09 0.48 0.16 0.03 ),017 0.035 
C1 0.08 0.52 0.17 0.03 0.014 0.031 
Av. 0.09 0.51 0.17 0.03 0.017 0.031 


cut from plate 2. The average strength of the control specimens was 
63 500 lb. per sq. in. for plate 1 and 59 100 lb. per sq. in. for plate 2. 
That is, the plates for specimens tested for failure at a small number 
of cycles were 7 per cent stronger, statically, than the plates for 
specimens tested for failure at a large number of cycles. Fatigue tests 


Back Chip Se 


Fic. 4. Deramts or WELDING PRocEeDURE 
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TABLE 4 
Derraits or WELDING Procepure: Burr WELDS IN }-IN. CARBON-STEEL PLATES 


5S 
ee ooeoaoeeoeoeoeooqwoees=oaeoyqoqo®q=>®>=>=—=$=q=q$m9maBs “> 


i Bead Size of 
Kad Hlevtrede Amperest Volts No. Electrode Amperes Volts 

1 6 in.” 170 30 if 346 in 180 30 
2 He in 170 30 8 46 in 180 30 
3 346 in 180 30 9 346 in 180 30 
4 346 in 180 30 10 346 in 170 30 
5 346 in 180 30 11 346 in 180 30 
6 346 in 180 30 12 346 in 170 30 

*Fleetweld No. 5. ; 

+D.C. current, reversed polarity. 

TABLE 5 


CLASSIFICATION OF WELDS From RapIoGRAPHS: %%-IN. CARBON-STEEL PLATES 


‘ B : : j en ; 
mpg Rating* Bocaniee Rating pees Rating ee a € Rating 
Al A H1 B Ol A Vi C 
A2 A H2 A 02 A v2 A 
A3 A H3 A 03 A V3 B 
A4 B Il B 04 A Wi B 
Bl A 12 B Py B w2 B 
B2 A 13 A P2 B Ww3 A 
B3 B 14 A Ps A w4 B 
Cl A il A Ql B axa! B 
C2 A J2 A Q2 A X2 B 
C3 B ea A Q3 A X3 A 
C4 B Kl B Q4 A Y1 A 
Bo Bol et xk Ble Bis hee 
D2 B K3 2 
D3 B K4 A R3 B Y4 A 
El A Ll A $1 A Zl1-1 A 
2 A L2 A $2 B Zi-2 A 
E3 B L3 B 83 A Z1-3 A 
H4 B Mi B $4 A Z2-1 A 
Fl A M2 B PH A Z2-2 A 
F2 2» M3 C a 5 Z2-3 B 
F3 M4 
Gl A Nl Cc Ul B : 
G2 A N2 B U2 B ~ | 
G3 A N3 B U3 A a | 
G4 A U4 B ‘ 


*Class A rating—applies to welds for which the radiograph showed no flaws. 
Class B rating—applies to welds having a trace of porosity. 
Class C rating—applies to welds which had a little porosity. 


Class D rating—applies to F2 for which the radiograph showed considerable porosity. F2 was 
the only weld tested that was given a D rating. 


of riveted joints that failed in the plate* indicated that the fatigue 
strength of the plates with severe stress raisers in the form of rivet 
holes was almost the same for carbon steel having a static strength of 
63 600 Ib. per sq. in., as it was for silicon steel having a strength of 
80 200 lb. per sq. in. and for nickel steel having a strength of 99 000 
lb. per sq. in. It is reasonable to suppose, therefore, that the fatigue 
strength of butt welds with a severe stress raiser due to a change in 


*Univ. of Ill. Eng. Exp. Sta. Bul. 302, page 103. 
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TABLE 6 


StrReNcTH or Burr Webs In 7%-1Nn. Carson-StTer, PLATES IN THE 
As-WeELDED ConpiITION 


s, | Mmber of | Strength ir 10005 of /b per sg. in 


S7TESS, S, 

177? 100035 of Ces Te ; Fatigue, F* 
Static 

a N=/00000 | N=2000000 

(6) (7) 


10. per Sg. 17. dente ot 
Cycle: Tersion to at Equal Compression 


Locatiovr of 
Fatigue Crack 


it? 10005 


c/ +20.0 to -200 / 
C2 +200 10 -20.0 / 
c3 +20.0 10 -20.0 z 
C4 +/6.0 to -16.0 / 
D/ #/6.0 to -/6.0 / 
D2 416.0 to -16.0 3 

#/6.0 to -/6.0 2 


422.0 10 +44.0 


SZ +220 to +44.0 z 
S53 +220 10 +440 y, 
S4 +/9.0 to +38.0 / 
7k +/9.0 to +38.0 / 
72 +4/9.0 to +38.0 1/2 


+/9.0 10 +38.0 


OZ 
: *F=S(q) 
i + Strength of adjaceri?# coupons. See Fig. 3 avd Table 2. 


section at the edge of the reinforcement was not greatly affected by the 
small difference between the strengths of plates 1 and 2. 

The results of the individual tests reported in Tables 6 and 7 are 
plotted in Fig. 5. It is to be noted that, for a given stress cycle, the 
number of cycles for failure was different for different specimens. For 
example, specimens I1, 12, 13, and I4 of Table 7 were all tested on a 
eyele in which the stress varied from 0 to 30 000 lb. per sq. in., and 
the number of cycles for failure varied from 140 200 for 12 to 796 300 
for 13. Although this is an extreme case, considerable variation in the 
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are 3 
Terrsi(or? TO Ter7s/Or7 
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[ey 
8 


N 
Ss 


= 
8 


2 
SS 


S1TESS Relieved, 
tt : 
Tension to Tension x as Great 


8 


S 


w 
QS 


Stress (7 1000's of 1b. er SG. 12, 


S 


i 
0. 
wey (g ii al Conpresslor7 
50 100 500 1000 2000 4000 
Number of Cycles for Failure tt 1000's 


Fig. 5. S-N DracraMs For Butt WELDS IN %-IN. CARBON-STEEL PLATES. 
REINFORCEMENT ON 


number of cycles for failure of large fabricated specimens may be 

expected and the six or seven tests that constituted a series in this 
investigation were not always enough to adequately determine the 
S-N diagrams. It should be noted, however, that a considerable varia- — 
tion in the number of cycles for failure corresponds to a relatively 
small variation in the fatigue strength expressed in lb. per sq. in. As 
previously stated, S-N diagrams can be expressed by the equation 
F—S(n/N)*, an equation that is not of unlimited extension. It 
seems reasonable to assume that K depends upon the character of the 
stress raiser and upon the kind of material, and that it has approxi- 
mately the same value for all specimens made of the same material 
and with the same stress raisers. A study of the tests reported in 
Tables 6 to 12, inclusive, indicated that, for specimens made of 7-in. 
carbon-steel plates connected by a butt weld with the reinforcement 
on, a value of K —0.13 is in fair agreement with the experimental 
data, whereas, for specimens without welds or with welds planed flush 
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TABLE 7 


SrreNcTH or Burr WELDs IN 7%-IN. CARBON-STEEL PLATES. REINFORCEMENT ON 
Stress-RELIEVED 


Strength in 10005 of 1b. per sq. itn 


Number of 


Stress, S, 


Spec.|Plate| . , Cycles for : ‘ 
No. i aseas a Failure, 0, | segtic Fatigue, F* ae Re 
N=/00 000 | N=2000000 


in 10005 


+20.0 to-20.0 if 
A2 #20.0 to-200 if 
Ad *20.0 10-20.0 2 
Ae. +/6.0 to -/6.0 7 
B/ #/6.0 to -/6.0 No Failure 
B2 +/6.0 to -/6.0 2 


+/6.0 to -/6.0 


Cycle: Tension to Tension # as Great 
#20.0 10 +400 if 
Q2 #20.0 to +40.0 7; 
QZ +220 to +44.0 ee 
Q4 422.0 to 44.0 2 
R/ +/9.0 TO +38.0 Ze 
Re 419.0 TO +38.0 / 
419.0 70 +38.0 Zz 


Fas (ajo* 


with the base plate, the value of K is of the order of 0.18.* These 
values of K were used in computing the values of F given in columns 
6 and 7 of Tables 6 to 12, inclusive, and in drawing the S-N diagrams 
of Figs. 5 to 7, inclusive. The small open circles of the S-N diagrams 


*The exponent K was assigned a value of 0.10 in the presentation of the fatigue tests of 
riveted joints, Bulletin 302 of the University of Illinois Engineering Experiment Station. The 
same value was used in presenting the results of some of the fatigue tests of welded joints in 
Bulletin 310 and in the Journal of the American Welding Society, No. 3, Vol. 19, p. 100 5. A 
' comparison of the values of F in Table 6 with corresponding values in Table 2 of the article 
'in the Journal of the American Welding Society indicates that changing K from 0.10 to 0.13 
changed Fico 000 from 21 600 Ib. per sq. in. to 22 400 Ib. per sq. in., these values being the average 
from tests Cl, C2, and C3, in each instance. A comparison of other similar values not marked 
' with a small circle indicates that changing K from 0.10 to 0.13 changed the average value of F 
about 3 per cent for the tests reported in Table 6, the change for any individual test depending 


/ upon the value of n/N. 
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TABLE 8 


Srrencru or Burr WELDS IN %-1N. CarBon-STEEL PLatEs. REINFORCEMENT © 
Macuinep Orr. Nor Srress-R&LIEVED 


Number of \ Strength ia 10008 of 1b. per sg. 172 


Stress, S, 


.|Pate| . p Cycles for ; rs Locatior? of 
he obs PL OLE GG Fira YD, Z Cae Fatigue Crack | 
Mb. per SG 1. \ in 1000's W=2000 000 


a 


to -30.0 if 
G2 430.0 10-300 Zz 
G3 +30.0 to -30.0 3 
G4 10 -22.0 186 
H/ to ~24.0 / 
H2 +24.0 to -24.0 / Q 
10 -24.0 S 7 Zi 
2 


O/ / O to 45.0 104.9 
02 if 0 to ¢5.0 Lo5.e 
OF / 0 to 45.0 [55.3 
04 / O to 32.0 35404 
Pb 2 0 to 35.0 3354.6 
ei CA 0 to 33.0 6074 
FS zZ O to 33.0 1081.7 
ies. 
Cycle: 


W/ / | +225 fo 445.0 ISZE.F 632 
w2 / FEED) 10 745:0 2/66.2 632 
WE / |+225 to t45.0 1603.0 63.2 
| 
0/8 
‘Fo 5(f 


represent the experimental data in columns 3 and 4 of the tables. The 
position of the S-N diagram was determined in the following manner. 
Because the equation is empirical, its accuracy decreases with the 
degree of extrapolation that is used. For this reason, only tests K1, 
K2, K3, and K4 of Table 6 were considered in locating point A of the 
line AB, Fig. 5, and the ordinate of A, 33 100 lb. per sq. in., is the 
average of the fatigue strengths from these tests. Likewise only tests 
L1, L2, and L3 were considered in locating point B, whose ordinate, 
22 500 lb. per sq. in., is the average of the fatigue strengths from 
these tests also. A line, F —S(n/N)°, was then drawn through A 
and a second line with the same equation was drawn through B. In 
this instance the two lines coincide, indicating that the procedure 
followed gave excellent results for this group of tests for which the 
individual tests were very consistent with each other. Lines B and C 
were constructed in the manner described but they do not quite coin- 
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TABLE 9 


StrencrH or Burr We ps In %-1N. Carson-Sreet PLATEs. REINFORCEMENT 
Macuinep Orr. Srress-RELIEVED 


Strengtt in 10005 of a per sq tv 


Nutber of 


Stress, S, 


oo Plate iy 1000% of sad for Fatigue, F* Location Or 
{ od 1b. per sq. in. Failure, 1, Fatigue Crack 
; /7? 1000's =/00 000 | N=2000 000 
Ss (/) ) 


Cycle: Tension to a7 Egqua/ Compression 


E/ / | +300 10-300 (21.6 | 65.8 : /8./ Ss 

E2 / | 430.0 to-30.0 269 | 658 23.7 3 

&3 / | +4300 70-300 246 | 668 23.3 3 

Fl 2 | +4240 ro -240 (254 | 600 25.0 2 

F2 2 | +240 to-24.0 58.0 | 600 21.8 /t 

e F3 2 | +240 10-240 508 | 600 21.2 /t 

M4 / |#200 10-200 370.5 | 623 25.3 6 
Av. 24.5 

Ea +20.0 to -20.0 710.2 | 668 28.5 © / ] 

v2 +200 to -200 79.1 | 600 28.5 © S$ 3h 
Av. 28.5 © © 


Cycle: O fo Tension 
198.6 623 | 509 


173.2 62.3 49.7 2 

136./ 62.3 47.6 3h 
Au 49d 

342.6 6/./ 44Age 3 

505.3 6/./ 48.2 ¢ 5 

6/9.2 6l./ 50.0 @ rey 
AuF7.7 e 


Cycle: Terssior fo Tension # as Great 


to 45.0 
422.5 totd5.0 
70 #45.0 


0./8 
pa of 2 
F-s() 
+ Specimen had surface injury at poirt of Failure. 


cide, although they lie fairly close together. The same statement is true 
for lines D and E. The lines G and H, Fig. 5, are separated by an ap- 
preciable distance. Moreover, tests of the group which they represent 
are quite scattered, so that it was difficult to draw a line satisfactorily 
from these tests alone. If, however, the family relationship expressed 
by K may be assumed to exist, it will be helpful in arriving at the 
most probable interpretation of this group of tests that are mutually 
somewhat inconsistent, providing, as in this instance, enough speci- 
mens with the same characteristics were tested to establish the value 
of K. All of the S-N diagrams on Figs. 5 to 7, inclusive, have been 
constructed in the manner described. 

The S-N diagram for small machined specimens, when plotted on 
a logarithmic field, consists of two parts: a straight line sloping down- 
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TABLE 10 


Srrencru or Burr WELps IN 7%-IN. CARBON-STEEL PLatEs. REINFORCEMENT 
Grounp Orr. Nor Srress-RELIEVED 


Number of \ Strength in 10005 of 1b. per sq. in. 


SESS Ia \ Cy rJae for : ¥ Location of 
oe in 10008 of \ Sinire, n, fil Fatigue Crack 
Ib. pers. 12. \" in 1000's =/00 000 


N=2000 000 
3) @) 7D 


Cycle: Tension to an Equal Cornpression 


y/ | 2 [+300 to-300 384 
y2 | 2 |+300 10-300 78.5 
v3 | 2 |+300 fo -30.0 43.7 
| on 


Cycle : 0 to Tension 


ve lee 0 to +45.0 | 197.3 | 602 50.9 29.7 
Zip | #2 0 10#45.0\ 2182 \577| SLB 302 
z-z\| 2 0 to #31.0 273.0 | 527 37.1 21.7 
Zea 2 O to +460 1074 |\527\ 456 26.5 
z22| 2 0 to 432.0 2314 |577| 372. 21.7 

A445 |\Av. 260 
Zz \ 2 0 to #32.0 728.1 |\|577| 95.86 26.7 
723) 2 0 to +32.0 6047 |577| 44.26 25.8 


Auvd5.0 @ | Av 26.3 


—_— 
*p=5(2) 0/8 


ward to the right and a horizontal line, the two lines being connected 
by a short curve. The ordinate of the horizontal line has been con- 
sidered as representing the endurance limit of the specimen. 

The endurance limit determined in this manner may be défined as 
the greatest stress to which the specimen can be subjected an infinite 
number of times without failure. This endurance limit has different 
values for various materials and various types of specimens. The 
structural engineer is interested primarily in a fatigue strength based 
upon failure at a finite number of cycles. A somewhat limited experi- 
ence with structural steel in the form of specimens with large stress 
raisers indicated that if a specimen withstood 2 000 000 to 3 000 000 
cycles it was not likely to fail except at a much greater number of 
cycles. If the equation F = S (n/N)°** were applicable up to values 
of n equal to 4 000 000, the values of the fatigue strength computed 
by that equation would be only 9 per cent greater if failure due to a 
given stress cycle took place at 4 000 000 cycles than it would have 
been if failure due to the same stress cycle had taken place at 
2 000 000 cycles. In view of these facts and considering that the 
curve joining the two straight portions of the S-N diagrams appears to 
be in the vicinity representing a value of n equal to 2 000 000, the 
following practice was followed in reporting the results of fatigue tests. 


FATIGUE TESTS OF WELDED JOINTS IN STEEL PLATES Zo 


TaBe 11 
STRENGTH oF Burr WeELDs IN 7%-1N. CarBon-STeeL PLates Wirnour Wetps BUT 


Na Wirth Mit Scare On 


Stress, 5, | Wumber of | Strength in 10005 of le per sq. in, 


Soec.|Plate| . , Cycles for A 7 
No. lo pore a Failure, (7, paraey e Fat 71 ve Or a 
: FM“ | in 1000's W=/00 000 | N=2000000 


(4) (7) (8) 
Cycle: Tension to ave Equal Compression 
Gc +300 to -30.0 579 yee. | yee el 
GG2 +30.0 to -30.0 58.6 27.3 163° 60 
GG3 +30.0 to -30.0 TES 28.5 WG Pol S 
Av. 27.7 Av (64 e 
GG4 +200 10-200 1/7091 33.5 ¢ /9.4 / 
HH/ +220 to -22.0 655./ 30.9 /8.0 / 
HH2 +2/.0 to -2/.0 559.7 28.6 16.7 if / 
HH3 #210 to -2/.0 273.0 25.8 0 /4.7 Y e 
+200 to -20.0 761.9 288 /6.8 / 2 
Av. 29.5 ¢ | Av. /7./ = 
Cycle: 0 to Tension z 
00! [55.4 48.7 284 / eS 
002 F 187.3 450A 294 2 
003 184.7 50.3 29.3 2 
Av.49.8 | Av 29.0 
PPI 1/3778 60.9 355 B 
PP2 3089.2 } 54.6 ¢ 32.0+ \Wo Failure 
PP3 901.2 475 PRG 4 
HHS 3004.6 Segre 3/04 |No Failure 
Av. 54.0 ¢ | Av. 3/.6 


Cycle: Tension to Tension % as Great 


+25.0 to +$0.0 2203.8 50.0+ No Fatlure 
#205 to +4/.0 3263.8 4/.0+ No Failure 
XX2Z 4225 10t+45.0 42529 F5.0+ No Failure 


4O.0F No Failure 
Av. 50.0 (Frobable Valve) 


420.0 t+40.0 | 3459.3 


ae (2 ) 0./8 


If failure did not occur at 2 000 000 cycles, the actual stress used 
in the test was reported for the value of F2 ooo 000, and the numerical 
value was followed by a plus (+) sign, indicating that the fatigue 
strength was equal to and possibly a little greater than the value 
reported. This method was not entirely satisfactory, but no better 
method could be devised, and the fact that the fatigue strength equaled 
or exceeded a certain stress has a distinct value. Of course, if the 
stress used in the test was very much less than the true value of 
Fs 000 000, the values reported would be very much in error. This was 
true for the plain plates without welds tested on a cycle in which the 
stress varied from tension to tension one-half as great but, for these, 
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TABLE 12 


SrrenctH or Burr WeLps IN 7%-IN. CarBon-Sreet Piares. REINFORCEMENT AND — 
Mitt Scare PLANED OFF 


Soraseis, Number of \ Strergth itp (000s of 1b. per sG. i? 


Spec.|Plate|\ . 2 Cyclest for 5 * Locatiornn of 
‘No. | No. | 12 (0005 of | re ityre, 2, SAL it Sa Fatigue Crack 
Io. per 34-7. \ in 1990's W=100000 | N=2000000 
(2) (3) (2) (6) (7D (8) a 
Butt Welded +e 
U3t / Oto t4720 182.8 52.4 30.6 @ PS 
UAFT / 0 to t47.0 225-6 34.3 S77 ue / 
Xe 2 0 to t47.0 251.3 54.0 3/.5 @ 4 6 s 
x3 3B 0 to +47.0 258.9 5F9 32/ @ Ss 3 
Av 53.9 Av. 3/5 @ rae 
Hlatr Plates Without Welds * 
wwe / 0 to +470 47.9 63./ 60.8 
wW3 if 0 to +4720 330.0 63./ 53.3 


Av $9.6 


— (2 ) 0/8 


+ Specimens U3 and U4 were stress relieved by heat treatment. Others were nor. 
+ Cycle was O to tension for al! specimens. 


the tests established the fact that the fatigue strength exceeded the 
yield point of the material so that its exact value had only academic 
interest. 


5. Discussion of Results—The results of fatigue tests of butt 
welds in %%-in. carbon-steel plates reported in this bulletin were some- 
what erratic, but this was not surprising considering the character of 
the joints. It is well known that any surface irregularity in a speci- 
men is a stress raiser that reduces the fatigue strength. A sharp re* 
entrant angle at the edge of the reinforcement produces a greater 
concentration of stress than would be produced if the reinforcement 
were connected to the base plate by curved surfaces. Any slight under- 
cutting at the edge of the reinforcement, internal flaws in the weld, or 
indentation in the surface of the plate, would also cause a concentra- 
tion of stress. In view of these facts, a study was made to determine 
whether there was any correlation between erratic results of the 
fatigue tests and unusual geometric characteristics of the specimens. 

In the study to determine the effect of flaws in welds upon their 
fatigue strength, the radiograph rating and the fatigue-strength 
rating were compared. The radiograph rating of all welds is given 
in Table 5. The fatigue-strength rating of a specimen was taken 
as the ratio of the fatigue strength of that specimen to the average 
fatigue strength of the group of specimens to which it belonged. 
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For example, the fatigue strength of C1, Table 6, was 21 400 lb. 
per sq. in., and the average for the group consisting of C1, C2, and 
C3 was 22 300 lb. per sq. in. The fatigue-strength rating was, 


21.4 
therefore, ie = 0.96. The fatigue-strength rating of all speci- 


mens with welds was determined in this manner, and the radiograph 
rating and the fatigue-strength rating for all specimens with the rein- 
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forcement on were compared in Table 13. Specimens with a radio- 
graph rating of A are at the left and those with rating of B are at the 
right. There were no specimens tested with the reinforcement on that 
had either a C or a D rating. The specimens having a radiograph 
rating of A had an average fatigue-strength rating of 0.997, and those 
having a radiograph rating of B had an average fatigue-strength 
rating of 1.005. It is apparent that flaws characterized by the radio- 
graph rating B did not have an appreciable effect upon the fatigue 
strength of the butt welds with the reinforcement on. This might have 


TABLE 13 


RELATION BETWEEN RapioGRAPH RATING AND FatIGUE-STRENGTH RATING FOR 
Specimens With REINFORCEMENT ON 


Radiograph Rating A Radiograph Rating B 
. Fatigue- ° Fatigue- . Fatigue- . Fatigue- 
epecimen Strength Peeamen Strength Bogen Strength Specimen Sireaeth 
3 Rating i Rating Bs Rating Os Rating 
f 

Al 0.98 Cl 0.96 A4 1.04 K2 1.02 

A2 0.97 C2 1.01 Il 1.02 $2 1.01 

A3 1.06 K3 0.98 I2 0.98 D1 1.10 

13 1.13 K4 0.97 Ql 0.96 D2 1.01 

14 L Oe: 81 1.00 B3 1.06 D3 0.92 

Q2 1.02 $3 0.98 R1 0.96 L3 0.99 

Q3 1.02 $4 0.96 R38 1.0L T3 0.99 

Q4 1.10 Li 1.03 C3 1.02 

Bl 1.06 L2 0.98 C4 0.98 Av. 1.005 

B2 0.83 nei 1.03 K1 1.02 

Jl 1.00 T2 1.03 

J2 0.84 

J3 0.97 Av. 0.997 

R2 0.94 
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TABLE 14 


_ Revation BETWEEN RapiocraPpH RatInG anp FatiGue-StreNctH RATING FOR 
i SpecrIMENS Wits REINFORCEMENT MacHINED OFF 


Radiograph Rating A Radiograph Rating B Radiograph Rating C 


. Fatigue- F Fati . igue- 
pecoumnen Strength Bnceinen Strength Peetiner Sireweth 
Rating aya: Rating No. Rating 
P3 Tod P2 0.04 VE 103 
Ws 0.99 Wi 0.98 : oo 
Og E3 0.95 
Fl 1.02 M4 1.03 
e . i ag Mi 1.03 
: 4 Ul 0. 
U2 ie 00 
M2 1.00 
Av. 0.988 Av. 0.975 Av. 0.995 


been expected since the change in section at the edge of the reinforce- 
ment was so much more effective as a stress raiser than minor flaws 
in the welds that the latter would have no effect upon the fatigue 
strength of the joint. 

The radiograph rating and the fatigue-strength rating for speci- 
mens with the reinforcement machined off are compared in Table 14. 
Only those specimens that broke either in the weld or at the edge 
of the weld were included in this table because the effect of the flaws 
in the weld could not be evaluated if the specimen broke outside of 
the weld. The seven specimens with a radiograph rating of A that 
broke at the weld had an average fatigue-strength rating of 0.988; 
the nine specimens with a radiograph rating of B that broke at the 
weld had an average fatigue-strength rating of 0.975; the two with a 
radiograph rating of C that broke at the weld had an average fatigue- 
strength rating of 0.995. Specimen F2, the only one with the rein- 
forcement off that had a radiograph rating of D, broke outside of the 
weld, but, as noted in Table 9, failure occurred at a severe surface 
injury and the effect of the flaws in the weld was not disclosed. It 
is apparent that, for the specimens tested, those having a radiograph 
rating of B or C had as great a fatigue strength as those having a 
radiograph rating of A. However, the fatigue strength was about 8 
per cent greater for the specimens that broke outside of the weld than 
for those that broke in the weld. 

The tests reported in Tables 8 and 9 indicated that specimens with 
the reinforcement machined flush with the base plate had a much 
greater fatigue strength than specimens with the reinforcement on. In 
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Fic. 8. Specimen Y4 Wiru Faticue Cracks Fottow1ne TRANSVERSE 
ScratcHes Dur To GRINDING 


general, it is not practicable to machine the welds of structural joints, 
and a series of tests was made to determine whether grinding the rein- 
forcement off with a portable grinder would prove as beneficial as 
machining it off. There were ten specimens tested in this series and 
the results are presented in Table 10. The fatigue strength was much 
greater for the specimens with the reinforcement ground off than it was 
for the specimens with the reinforcement on, but it was not quite as 
great as it was for the specimens with the reinforcement machined off. 
The fatigue strength of the specimens with the reinforcement ground 
off was quite erratic, the fatigue-strength rating being 0.83 and 0.84 
for Z1-2 and Z2-2 and 1.16 for Z1-1. All three of these specimens had 
a radiograph rating of A. The low fatigue strength of Z1-2 and Z2-2 
may have been due to a single large stress raiser that resulted in a 


large area of progressive fracture, sometimes designated as a Bi 7 


as shown in Fig. 12 and discussed on page 37. 

Specimen Y4 was ground so as to leave scratches transverse to the 
direction of stress and three fatigue cracks developed simultaneously 
as shown in Fig. 8. The fatigue-strength rating for this specimen was 
1.14, and the radiograph rating was A. 

The specimens with the reinforcement and mill scale machined off 
and the surfaces polished were the ones for which the fatigue strength 
was most likely to be reduced by the flaws in the welds because they 
had no surface irregularities to act as stress raisers. There were only 


o] 
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| four of these specimens tested, and the results, while of interest, can- 


not, because of the small number, be considered as conclusive. These 
specimens were U3, U4, X2, and X3, all shown in Table 12. The radio- 


_ graph rating was A for specimens U3 and X2 and B for U4 and X3. 


The two with an A rating both broke in the weld and had an average 
fatigue-strength rating of 0.985; the two with a B rating both broke 
outside of the weld and had an average fatigue-strength rating of 
1.015. It should be noted, however, that the plates without joints and 
with the mill scale machined off and the surfaces polished had a 
fatigue strength 10 per cent greater than that of similar specimens 
with welds. 

It is apparent from the foregoing discussion that flaws in welds 
designated by a radiograph rating of B did not affect the fatigue 
strength of the weld. The flaws designated by a radiograph rating of 


_ C did not have an appreciable effect upon the fatigue strength, but the 


number of tests was too small for the evidence to be conclusive. 
The ends of the specimens were made wider than the central por- 
tion, as shown in Fig. 1, in order that they might be attached to the 
pulling heads of the testing machine. The transition curve connecting 
the narrow to the wide portion was a circular are with a 9-in. radius. 
Moreover, the edges were carefully machined and polished and the 
cylindrical surface was tangent to the plane edges of the narrow por- 
tion. In spite of this large radius and careful machine work, many of 
the specimens without welds and welded specimens with the reinforce- 
ment off failed in the fillet, usually at the junction of the fillet and the 
middle portion. It is known that a fillet, even with a large radius, is 
a stress raiser. Studies of plastic models with polarized light* indi- 
cated a stress at the edge of the specimen at the junction of the fillet 
approximately 15 per cent greater than the average over the section. 
The data in Table 11 indicate that of the 13 specimens without welds 
that failed, 10 failed at a fillet and 3 failed in the central portion away 
from the fillets. Likewise, of the 34 welded specimens with the rein- 
forcement off reported in Tables 8 and 9, 17 broke at the junction with 
a fillet and 6 broke between the fillet and the weld. But the data 
given in Tables 8, 9, and 11 indicate that there was no significant 
difference in the fatigue strength between the specimens that broke 
in the fillet and those that broke between the fillets and the weld. 
Therefore it would appear that, while the stress-raising effect of the 
fillet caused a large number of the specimens to fail at the end of the 
fillet, the fatigue strength of the central portion of the specimen, 


*These tests were made by T. J. Dolan, Assistant Professor of Theoretical and Applied 
Mechanics, University of Illinois. 
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RELATION BetwrEN REINFORCEMENT RATING AND FatiGuE-STRENGTH RaTING 
or Burr WELDS IN %-IN. CARBON-STEEL PLATES 


Reinforcement Rating 


sais 4 B ‘ Cc D 
. igue- : Fatigue- P Fatigue- 3 Fatigue- 
Specimen eae sped Sieangih eee Strength Sp Real Strength 
No. Rating wB Rating P Rating Rating 
D1 1.09 B3 1.06 Al 0.98 Rl 0.96 
I4 1.07 C1 ee cn Ps R2 0.94 
1.03 D2 | , 
a J3 0.97 C2 1.01 Av. 0.95 
Av. 1.063 Kl 1.03 C4 0.98 
K4 0.97 Jl 1.00 
Li 1.03 K3 0.98 
Q2 1.02 L3 0.99 
S4 0.96 Il 1.02 
di 1.03 I2 0.98 
T3 0.98 Q4 1.10 
Ql _ 0.96 
Av. 1.001 S1 1.00 
$2 1.01 
Av. 1.005 | 


although slightly greater, was not significantly greater than the values 
reported in the tables. 

The fatigue strength of the welded specimens was much greater 
for those with the reinforcement off than for those with the reinforce- 
ment on, indicating clearly that the change in section at the edge of 
the reinforcement acted as a serious stress raiser. It was reasonable 
to suppose, therefore, that the profile of the reinforcement might 
affect its action as a stress raiser. A study was made to determine_ 
whether or not there was any correlation between the profile of the 
reinforcement and the fatigue strength of the specimen. Specimens 
for which the reinforcement flowed by a relatively smooth concave 
surface into the base plate were given an A rating. Specimens for 
which the reinforcement was high and rough and joined the base plate 
with a sharply re-entrant angle were given a D rating. The remaining 
specimens were given either a B or a C rating, depending upon the 
height of the reinforcement and the sharpness of the angle at its 
edge, but for all of the B and C specimens there was a re-entrant 
angle at the edge of the reinforcement. The relation between the rein- 
forcement rating and the fatigue-strength rating is given in Table 15. 
There were only three specimens that were given a reinforcement 
rating of A, but they all had a fatigue-strength rating above unity 
and an average rating of 1.063. There were only two specimens that 
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TABLE 16 


Errect or Eccentricity or Loap Upon Faticue STRENGTH OF SPECIMEN: 34-IN. 


CarBon-STEEL PLATE Wirsout WELD But Wits MIL ScALE on Boru SipEs 


: P/A for the stress cycle varied from 24 000 lb. per sq. in. tension to an equal compression for all tests 


Specimen Eccentricity Number of Cycles n oes 
No. in. for Failure Few 000 = 24 000 ( 200 000 ) 
None 185 700 23 680 
3 None 296 200 25 760 
None 220 900 24 440 
Av. 24 630 
1 1g 111 400 21 600 
5 1g 297 500 25 780 
6 1g 327 000* 26 220 
Av. 24 530 
*See text. 


were given a reinforcement rating of D, but they both had a fatigue- 
strength rating below unity and an average rating of 0.95. There were 
eleven specimens with a reinforcement rating of B and fourteen with a 
rating of C, but the average fatigue-strength rating was unity for each 
group. There is, therefore, a little evidence that it may be possible to 
distinguish between an unusually good and a definitely bad type of 
reinforcement, but any more refined rating would seem to be uncertain. 

There were 42 welded specimens tested with the reinforcement on. 
Two had a fatigue-strength rating below 0.85 (0.83 for B2 and 0.84 for 
J2); all of the others had a fatigue-strength rating of 0.90 or more. 
The strongest had a rating of 1.13. There were 13 plates without 
joints but with mill scale on that were tested to failure. The weakest, 
HH3 and PP3, had fatigue-strength ratings of 0.86 and 0.88, re- 
spectively, and the strongest, PP1 and GG4, had fatigue-strength 
ratings of 1.12 and 1.13, respectively. Considering the number of each 
kind of specimen involved, it is apparent that the results of the tests 
were about as consistent for the specimens with welds as for the 
specimens without welds. 

Although care was taken to center the specimens in the fatigue 
testing machine so as to bring the line of action of the force at mid- 
width of the specimen, there was always a possibility that the load 
would be slightly eccentric and produce a flexural as well as an axial 
stress. Therefore a series of tests was made to study the effect of an 
eccentricity of load upon the fatigue strength of a plate. 

There were six specimens used in this study, each of which con- 


sisted of a plate without weld, but with mill scale on both sides. The 
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TABLE 17 
Sratic STRENGTH OF FaTIGUE SPECIMENS 


Previous Fatigue Test Stress x 
K 1000 lb. per sq. in. | Reduc- | Elonga- 
Speci- | Parent é tion of | tion in 
men Plate Type of Specimen Numb St el) es a ea Sin. 
No. No. UL ale ges 7 : 4 t 
of Cycles | 1000 lb. Yield | Ultimate | Per cent | percent — 
in 1000s | persq.in. | Point 
Plain plate None 35.4 64.0 43.2 34.1 
ie ; : 36.6 63.1 52.2 sate 
Plain plate 3004.6 | Oto +31 37.0 62.6 45.4 5 
ee : 2 36.6 63.1 53.7 32.2 
wwi 1 Plain plate 2203.8 +25 to 56.4 65.1 42.4 26.4 
+50 36.5 63.2 53.1 30.6 
PP2 2 Plain plate 3089.2 | Oto +32 36.6 58.0 49.0 31.3 
32.3 57.2 56.5 33.6 
XX1 2 Plain plate 3263.8 +20.5 to 46.3 61.8 45.6 31.4 
+41.0 35.3 58.8 56.5 31.6 
xXX2 2 Plain plate 4252.9 | +22.5to 49.5 60.9 45.8 29.2 
+45.0 32.2 58.2 56.0 30.6 
xxX3 2 Plain plate 3459.3 +20.0 to 47.7 59.9 45.0 30.6 
+40.0 32.2 58.2 56.0 30.6 
AS 2 Butt weld, reinf.on,} None 34.4 58.7 46.8 31.6 
stress-relieved 31.4 58.2 57.0 30.0 
Cs 2 Butt weld, reinf. on,| None 33.6 60.1 44.7 27.4 
not stress-relieved 35.3 58.8 56.5 31.6 
ES 2 Butt weld, reinf. off,| None 36.0 62.9 44.9 31.4 
stress-relieved 34.2 62.2 54.5 32.3 
GS 2) Butt weld, reinf. off,| None 31.6 61.0 47.8 30.3 
not stress-relieved 34.8 60.0 55.5 33.8 
Bl 2 Butt weld, reinf. on,| 3152.7 +16 to 35.8 59.8 47.4 31.5 
stress-relieved —16 31.4 58.2 57.0 30.0 


specimens were cut from a single 12-in. by %4-in. carbon-steel plate 
and had the outline of the specimens detailed in Fig. 1, except that 
the center portion was off-set 4 in. from the centerline ofthe end 
holes for the specimens that were to be subjected to an eccentric load. 
All specimens were tested in the same machine and all were tested on 
a cycle in which P/A varied from 24 000 lb. per sq. in. tension to 
24 000 lb. per sq. in. compression. The eccentricity of the line of 
action of the force was measured at the beginning of a test and at 
frequent intervals thereafter. The results of the tests are given in 
Table 16. The three specimens with a centric load were very con- 
sistent; the three with an eccentric load were somewhat inconsistent: 
specimen 1 broke at a small number and specimen 6 at a large number 
of cycles. The test for specimen 6 was somewhat irregular. It was 
normal up to 327 000 cycles, but the machine got out of adjustment 
sometime between 327 000 and 477 000 cycles, and during at least a 
portion of that time the load was smaller than it was supposed to be. 
The load was corrected at 477 000 cycles and the machine remained — 
in adjustment until the specimen failed at 838 000 cycles. The cycles 
that occurred after the beginning of the period of maladjustment were 

not included in the total number of cycles for failure given in Table 16. 


3 
| 
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The fatigue strength for failure at 200 000 cycles was computed 
0.18 
for all tests by means of the equation Feo 000 = 24 000 omar ) 
200 000 


and has been reported in the last column of the table. If test 6 is con- 
sidered as having ended at 327 000 cycles (it is known to have been 
normal up to that point) the resulting fatigue strength would be 
24 530 lb. per sq. in., and the averages for the two sets of three tests 
each would have differed by less than one per cenit. Inasmuch as the 
eccentricity was generally kept well below 4, in. for the main series 
of tests, it is reasonable to believe that the error due to eccentricity 
was not significant. 


6. Static Tests of Fatigue Specimens—Static tests were made on 
specimens having the same dimensions as the fatigue specimens. The 
results of these tests are given in Table 17. Two sets of physical 
properties are given for each specimen; those in the upper line were 
_ obtained from the fatigue-type of specimen, and those in the lower line 
from a standard tension control specimen. A number of specimens 
that had been tested in fatigue, but without failure, were also subjected 
to a static test, as noted in the table. 

: The fatigue-type of specimen that had not been subjected to a 

fatigue test had approximately the same yield point and ultimate 
strength as the control specimens cut from the same parent plate, but 
the reduction in area and elongation in 8 in. differed somewhat for 
the two types of specimens. The fatigue tests that did not cause 
failure had very little effect upon the ductility or ultimate strength of 
the material, as determined by subsequent static tests, but they in- 
creased the yield point in those instances for which the maximum 
stress in the fatigue test exceeded the original yield point of the 
material. Specimen XX2, after having been subjected to over 4 000- 
000 cycles in which the stress varied from 45 000 lb. per sq. in. tension 
to a tension one-half as great, had a reduction of area of 45.8 per 
cent, an elongation in 8 in. of 29.2 per cent, a yield point of 49 500 
Ib. per sq. in., and an ultimate strength of 60 900 lb. per sq. in. Speci- 
men WW1, after having been subjected to over 2 200 000 cycles in 
which the stress varied from 50 000 lb. per sq. in. tension to a tension 
one-half as great, had a reduction of area of 42.4 per cent, an elonga- 
tion in 8 in. of 26.4 per cent, a yield point of 56 400 Ib. per sq. in., and 
an ultimate strength of 65 100 lb. per sq. in. The ductility of this steel, 
after having been subjected to so many applications of a stress 
exceeding its original yield point, is very gratifying. 
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Fic. 10. Harpness DracramMs ror SPECIMEN D3. TypicaL ror ALL 
SPECIMENS OF %-IN. CaRBON-STEEL PLATES 


7. Metallurgical Studies—Studies were made to determine the 
microstructure and the hardness variations in the critical zones of 
the weld. Very little difference was observed in the microstructure 
of the welds of the various joints. The structure was found to be the 
‘same for the two parent plates and also for the welds that were stress- 
relieved and those that were not. The microstructure of the various 
regions in the joint of specimen O1, which is typical of the others, is 
shown in Fig. 9. The area with the very large grains was the hardest 
of any region in the weld. The structure was sorbitic, however, which 
indicated high strength and ductility. 

The variations in hardness in the vicinity of the weld are shown 
by the diagrams of Fig. 10. These diagrams were drawn for specimen 
D3, but are representative of all of the specimens. The maximum 
hardness in the heat-affected zone varied from 185 to 217 Vickers 
hardness numbers, values well within the range of acceptable hard- 
ness for welded joints. 

The character of some of the fractures is of interest. The rein- 
forcement had been planed off specimen O1, and the fracture was in 
the weld metal, as shown in Fig. 11G. The fatigue crack started at 
some small discontinuities, such as blow holes or inclusions, in the 
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(a) 


(b) 


Fig. 12. Nucuer or Burr WELDS IN %%-IN. CarBon-STEEL PLATES THAT 
FAILED IN THE WELD. REINFORCEMENT GROUND OFF 


‘weld metal, as indicated by the nuclei on the fracture shown in Fig. 
11F. The path of the fracture, with respect to the various micro- 
structural regions of the transverse section, are shown at D, E, and G 
of the same figure. The nuclei, from which the fatigue cracks of speci- 
‘mens Z1-2 and Z2-2 started, are shown in Fig. 12. The unusual frac- 
ture of specimen PP3, a plate without a weld, is shown in Fig. 13. 
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Fic. 13. Fracture or 7%-1N. CARBON-STEEL PLate WitHout WELD 
SHowine Sincte Nuciteus Near Center. SPECIMEN PP3 |. 


The fatigue crack originated at a small surface discontinuity at mid- { 
width of the specimen, and spread across the section. When the speci-_ 
men was subjected to tension, a thickness-gage could be run through 
the specimen at the center before the crack had spread to either edge. 
Whether a single large stress raiser, as distinguished from either several _ 
small ones or a continuous stress raiser along the edge of the reinforce-_ 
ment, caused failure at a small number of cycles is not certain. It is 
of interest to note, however, that the fatigue-strength ratings of the 
three specimens, Z1-2, Z2-2, and PP3, each of which had a large fish-_ 
eye, were 0.83, 084, and 0.87, respectively. a 


8. Summary of Results—The results of the individual tests are- 
given in Tables 6 to 12, inclusive, and the average value of the fatigue | 
strength for each group of tests is given in Table 18. A description of | 
the specimen is given in the first column. In general there is a value | 
Of Fioo 000 and one of F's o90 000 given for each kind of specimen &nd 
for each ratio of minimum to maximum stress. Values that are marked 
with a small circle in Tables 6 to 12 have been omitted from the 
summary. | 

The diagrams of Fig. 14a show the effect of the ratio of the mini- — 
mum to the maximum stress in the stress cycle upon the fatigue 
strength of specimens in the as-welded condition as determined from 
the data listed in Table 18. The upper curve is for the fatigue 
strength corresponding to failure at 100 000 cycles and the lower one 
for failure at 2 000 000 cycles. Each small circle represents the 
average of a group of similar tests, the numeral adjacent to a circle 
indicating the number of tests averaged. Distances to the right or left 
of the origin represent the minimum stress in the stress cycle; distances 
above the origin represent maximum stresses. Points to the right and 
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; TABLE 18 


; Fatigue Srrenctu or Burr Webs IN ¥%-IN. Carson-Sree, Prares 
Summary of Results 


Fatigue Strength it) 10005 of /b. per sq. i. 


Descriptior Tension to ar Tensioi 
; 07 to 
of Equal Compression So ie Tension as Great 
Spec. M7720? = a = N= ik N= N= le N= 
100000 |2000000| 100000 \2000000\ 100000 \2000 000 
As Welded : 33./ Bea, |e 539 [369 
Re/ntorcemerzt Or7 C 
Bese Pa/eved ers kee SLO RSH. S76 
Reinforcement Machined Off » i - 
Nor Stress Relieved ies oo ase : 4 
Reinforcement Machined OFF Ci 


ia 
Stress Relieved e ; : a 
Reintorcemerit Groutid Off = 268 | le i ; fat 


Not Stress Relieved : #4 26.3 
Hain Plate > 
| IOS REILAGE | ee 17/ GIB SIE 500 
: Plait? Plate 
| “till Scale Mactritzed Off S5G96 
and Surtace Polished a 
| Butt Weld. Reinforcemerrt So 
| ond 14! Scale fachirrea Off 53.9 
| ara Surface Polished 


upward represent tension, those to the left represent compression. 
Thus, the point A indicates that a specimen tested on a cycle in which 
| the stress varied from 22 300 lb. per sq. in. tension to 22 300 lb. per 
| sq. in. compression may be expected to fail at 100 000 cycles. Like- 
| wise the point B indicates that the fatigue strength of a specimen 
_ tested on a cycle in which the stress varied from zero to tension was 
33 100 lb. per sq. in., and the point C indicates that the fatigue 
strength of a specimen subjected to a cycle in which the stress varied 
from tension to tension one-half as great was 53 300 lb. per sq. in. 
The broken lines of Fig. 14 represent the results of tests, and 
3 (FL 
the full lines represent the empirical equation* (FL)’ ——— 


| 
| 
4 
: 


In this equation, (FL) is the fatigue strength for a complete reversal, r 
is the ratio of the minimum to the maximum stress in the stress cycle 
(r is negative for a complete or partial reversal), and (FL)’ is the fa- 
tigue strength for any particular value of r. It is of interest to note that 
if the position of the line representing the empirical equation is de- 
termined by the fatigue strength for r——1 (complete reversal of 


*See “Materials of Engineering,’’ by Herbert F. Moore, page 55, Fifth Edition. 
Also Univ. of Ill. Eng. Exp. Sta. Bul. 302, page 77. 


Maximute Stress ite (0005 of 1b, per Sg. I. 
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stress), then the line falls below the experimentally-determined points 
for all other cycles used in this investigation. It is also of interest to 
note that the agreement between computed and the test values for 
ry 0, was much closer for specimens with the reinforcement on than 
it was for either specimens with the reinforcement off or for specimens 
without welds. 

For specimens in the as-welded condition, the values of the fatigue 
strength for a cycle in which the stress varied from tension to an equal 
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compression were 22 300 lb. per sq. in. for failure at 100 000 cycles 
and 14 400 lb. per sq. in. for failure at 2 000 000 cycles; and for a 
cycle in which the stress varied from zero to tension, the values of 
the fatigue strength were 33 100 lb. per sq. in. for failure at 100 000 
cycles and 22 500 lb. per sq. in. for failure at 2 000 000 cycles. 

For specimens in the as-welded condition, except that the rein- 
forcement had been machined flush with the base plate on both sides, 
the values of the fatigue strength for a cycle in which the stress varied 
from tension to an equal compression were 28 900 lb. per sq. in. for 
failure at 100 000 cycles and 16 850 lb. per sq. in. for failure at 
2 000 000 cycles. These values are considerably higher than cor- 
responding values reported in the preceding paragraph for similar 
specimens with the reinforcement on. 

A comparison of the fatigue strength of butt welds that were 
stress-relieved by heat treatment with the fatigue strength of those 
that were not stress-relieved indicates that stress-relieving did not 
affect the fatigue strength. This was true for the specimens with the 
reinforcement off as well as for those with the reinforcement on. 

Specimens from which the reinforcement had been machined flush 
with the base plate on both sides had approximately the same fatigue 
strength as plates without welds but with the mill scale on. 

Specimens from which the reinforcement had been ground flush 
with the base plate on both sides with a portable grinder had a fatigue 
strength only slightly lower than that of similar specimens with the 
reinforcement machined off. 


42 ILLINOIS ENGINEERING EXPERIMENT STATION 


410" 
/3 ee 3 3 ope $2.3!" 353% 7 


a 


Flaine Cut & , wae gee Se eG es 


Machine 


Secrio7 a A-A 


u eae 
Broz 


Fic. 16. Deratts of WELDED SPECIMENS 


Specimens with the reinforcement and mill scale machined off and 
the surfaces polished had a fatigue strength somewhat greater than 
that of specimens with the mill scale on, but considerably lower than 
that of small round machined and polished specimens.* 

For all kinds of specimens, stress-relieved or not stress-relieved, 
reinforcement off or reinforcement on, the fatigue strength correspond- 
ing to failure at 2 000 000 repetitions of a cycle in which the stress 
varied from tension to tension one-half as great exceeded the yield 
point of the material, and is therefore not important to the structural 
designer. 


~ 
Il]. RELATIVE STRENGTH OF WELDED AND RIVETED JOINTS 
In Low-Auuoy STEEL PLATES 


9. Description of Specimens.—The tests were planned to determine 
the relative strength of welded and riveted joints connecting plates of 
a low-alloy steel of structural grade. There were nine each of riveted 
and welded specimens. Six of the riveted specimens were subjected to : 
fatigue tests and three to static tests. Of the welded specimens, seven | 
were subjected to fatigue tests and two to static tests. The object 
of the static tests was to determine the strength of the joint, and for 
the riveted joints, to determine the load-slip relation. 


*Uniy. of Ill. Eng. Exp. Sta. Bul. 302, Table 40, page 103. 


~~ 


FATIGUE TESTS OF WELDED JOINTS IN STEEL PLATES 43 


TABLE 19 


CHEMICAL CoMposITION oF CoRES OF ELECTRODES, PLATES, AND DEPOSITED 
WeLtp Merau 


Man- ys Chro- Vana- = 
Carbon anens Silicon ae i see Copper ae Sulphur |} Nickel 
Electrode....| 0.10 0.45 0.02 gnete et 0.12 0.014 0.022 0.03 
TEEN SS generar 0.16 1,27 0.20 0.02 0.12 0.03 0.022 0.036 
Weld Metal..| 0.06 0.50 0.025 0.01 0.04 0.01 0.021 0.029 


TABLE 20 
ReEsutts or Static Tests of WELDED JOINTS 
Stress, lb. per sq. in. gross area 
s F Reducti f | El ion i 
ekeuoes At as Ee ea © aes Be Part That 

Yield Point* Ultimate perreent sae ie 
105 60 100 83 000 49.7 23.4 Plate 
107 60 200 82 900 ee: 17.5 Weld 


*By drop of beam. 


All specimens were made of low-alloy structural* steel plates 
approximately 1% in. thick and weighing 21 lb. per sq. ft. 

The riveted joints, shown in Fig. 15, were of the double-strap butt 
type with 34-in. manganese-steel rivets. The driven heads of the rivets 
were countersunk and chipped; the manufactured heads were of the 
button type. The ratio of the net to the gross area for these joints 
was 0.76.7 

The welded joints, shown in Fig. 16, were of the single-V butt-weld 
type welded in a flat position using an electrode conforming to the 
requirements of the Grade EA of Navy Department Specification 
22 W7 (Reid Avery Type HD-7). The welding procedure was as 
follows: The plates, after being scarfed, were spaced 1% in. apart and 
tack-welded at each end of the groove. The root pass was deposited 
with a 545-in. electrode using 140 amperes and 27 volts, at a rate of 
approximately 5 in. per min. Deposition was started at one end of the 
groove and carried continuously to the other end. The three succeed- 
ing layers were deposited with a %4,-in. electrode using 180 amperes 
and 32 volts. A full weave was used, progressing at a rate of three 


*This low-allow steel is of the same type as that used in the tests described in Chapter V. 
+The net section was computed in accordance with the Specifications. for Steel Railway 
Bridges of the American Railway Engineering Association except that the diameter of the hole 
to be deducted was taken 142 in. greater than the nominal diameter of the rivet in accordance 


with Navy practice. 
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(a) 


(b) 


Fia. 17. Burr Wetps In ALLOY-STEEL PLAtes AFTER STATIC FAILURE. 
SPECIMENS 105 AND 107 


to four in. per min., depending upon the width of the groove. All 
layers were deposited in the same direction as the root pass, and con- 
tinuously from one end of the groove to the other. Layers were de- 
posited at approximately 15-min. intervals. The root of the groove 
was chipped out to a depth of 44 in. from the bottom side and re- 
welded with a 549-in. electrode, in two layers, using 140 amperes and 
27 volts. The slag resulting from the deposit of the successive layers 
was removed with a light scaling hammer and a wire brush. 


The chemical composition of the cores of the electrodes and of the 
plates is given in Table 19. 
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10. Static Tests of Welded Joints—The welded specimens 105 and 
107 were tested to failure in a static machine. Scaling of the plate 
outside of the weld was noted for specimen 105 at a stress of 59 000 
lb. per sq. in., and there was a definite drop of the beam at a stress 
of 60 000 lb. per sq. in. For specimen 107, scaling and drop of the 
beam occurred simultaneously at a stress of 60 200 lb. per sq. in. The 
results of the tests are given in Table 20. 

Figure 17 shows specimens 105 and 107 after failure. Although 
107 failed in the weld, it developed as great a strength as 105, which 
failed outside of the weld. 


11. Static Tests of Riveted Joints—Specimens 91, 92, and 93 were 
tested to failure in a static testing machine. The slip between the main 
plates and the strap plates was measured with a tapered pin* at 
various loads at points indicated in Fig. 18. Slip was measured at 
eight holes for each specimen, two for each plane on which slip oc- 
curred for the upper part of the joint and two for each plane for the 
lower part of the joint. The values of the slip as measured at each 
pair of holes were averaged and the relation between these average 
values and the load is shown by the load-slip diagrams of Fig. 19. 

The results of the tests are given in Table 21. Attention is called 


*Univ. of Ill. Eng. Exp. Sta. Bul. 239, page 10. 
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RESULTs or Static Tests or RiveTeD JOINTS 


Stress, lb. per sq. in. 


TABLE 21 
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Shear on Rivets 


Ultimate Tension in Plate 


at 0.001 in. slip 


12 900 
13 000 
13 375 
13 100 


Maximum 


46 700 
47 200 
46 500 
48 800 


Net Section 


Part That 
Failed 
Gross Section 
64 800 Main Plate 
64 700 Main Plate 
64 900 Strap Plate 
64 800 


Fig. 20. Riverep Jornts Arrer Static Fartvre. SPECIMENS 91 AND 92 
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Fig. 21. Riverep Joints AFTER STATIC FAILURE. SPECIMEN 93 


to the fact that the unit shear on the rivets that produced an arbi- 
trarily chosen slip of 0.001 in. is very nearly the same for all three 
specimens. Specimen 93, for which the unit shear on the rivets neces- 
sary to produce a slip of 0.001 in. was greatest, developed the highest 
tensile stress in the plate. Moreover, it was the only riveted joint that 
failed in the strap plates. Figures 20 and 21 are from photographs of 
specimens 91, 92, and 93 after failure. For specimens 91 and 92, which 
failed in the main plate, the line of failure passed through 7 rivets, 
whereas, for 93, which failed in the strap plates, the line of failure 
passed through 5 rivets, as shown in the figures. The strength de- 
veloped by the plates, the average for the three tests, was 85 000 lb. 
per sq. in. on the net section and 64 800 lb. per sq. in. on the gross 
section. The latter is comparable with the 83 000 Ib. per sq. in. on the 
gross section developed by the welded specimens. 


12. Fatigue Strength of Welded Joints—Seven welded specimens 
were tested in fatigue. The alignment of the plates was good for all 
specimens, and the welds contained no defects that could be deter- 


mined by visual inspection. All specimens were tested in the as-welded 
condition. 
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TABLE 22 
ReEsvuuts or Fatigur Tests or WELDED Joints: Low-ALLoy-StesL PLATES 


Fatigue Strength, F 


4 Number of : 
Specimen Order of Unit Stress Cycles for 1000". per'eq. in: 
No. Testing 1000 lb. per sq. in. Failure in 
1000: 
a N= 100000 | N=2000 000 

106 u +22 to —22 243.6 25.6: 15.4* 
108 2 +23 to —23 164.4 25.0 15.0* 
104 3 +24 to —24 403.1 30.4 18.3* 
102 4 +19 to —19 459.9 24.6* 14.8 
103 5 +19 to —19 381.9 23.9 14.3 
109 6 +17 to —17 900.9 24.7* 14.9 
101 7 +17 to —17 1059.7 25.4* 15.3 

Av. 25.7 15.4 


*Values marked with an asterisk (*) were not included in the averages because the ratio n/N 
for these differed too greatly from unity. 


The results of the tests are given in Table 22, the order of testing 
being given in the second column. Specimens 106, 108, and 104 were 
tested for failure at 100 000 cycles. Because 106 over-ran, 108 was 
tested at a somewhat higher stress, but it also over-ran, and 104 was 
tested at a still higher stress and it over-ran still more. Although the 
over-run for these tests was greater than is desirable, it is believed 
that the computed values of the fatigue strength for N = 100 000 are 
fairly accurate. The test of specimen 102, following the test of 104, 
was planned for failure at 2 000 000 cycles, but it ran for only a few 
more cycles than 104, even though the stress was 19 000 lb. per sq. 
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Fic. 23. Specrmen 104 Arrer Fatigue Faure 


in. for the former and 24 000 lb. per sq. in. for the latter. Specimen 
103 was tested on the same cycle as 102 and ran very nearly the same 
number of cycles, a number very much less than the 2 000 000 antici- 
pated. Specimens 109 and 101 were therefore tested at a still lower 
stress and both ran almost 1 000 000 cycles. 

The results of the tests are shown graphically in Fig. 22. There 
was only one group of tests for the type of specimen used, a number 
too small to establish a value of K in the equation F = S(n/N)*. In- 
stead, a straight line, A, was located by inspection which, it was be- 
lieved, represented the results of the tests. The value of K was then 
determined for the line A and was found to be 0.17. The values of the 
fatigue strength given in columns 5 and 6 of Table 22 were then com- 
puted by the use of the equation F — S(n/N)°™." 

Figure 23, from a photograph, shows specimen 104 after failure. 
The crack extends through the base plate at the lower edge of the 
weld for almost half of the width of the specimen, then jumps up anto 
the weld metal for a considerable distance near the middle of the 
specimen; it then jumps up to the junction of the base plate and weld 
metal at the root of the groove (on the far side of the specimen and 
not visible in the photograph) for the remaining portion of the width 
of the specimen. This latter part of the crack was open quite wide 
on the far side of the plate. Although failure always began at the edge 
of the deposited metal where the change in section acted as a con- 
tinuous stress raiser across the specimen, the crack, once started, 


- 


vm 
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_ meandered through the deposited metal for some specimens. Figure 24 
_ shows the fisheyes on the fractured surface of a number of specimens. 


The surface of fracture for specimen 108 is made up almost entirely 
of fisheyes, any one of which would have resulted in failure; never- 
theless, the fatigue strength of this specimen was equal to the average. 
In contrast with this, specimen 106 had two large fisheyes near the 
center, and 102 and 103 each had a large fisheye at one end. The 
fisheye for 102, not shown in the figure, was similar to the one for 
103. For each of the specimens for which there was a single large 
fisheye, the crack jumped across the weld bead at the end of the 
fisheye. 

There was no consistent relation apparent between the number 
and size of the fisheyes and the fatigue strength of the weld for these 
specimens. 

It was thought that there might be some relation between the 
fatigue strength and the point at which the crack started, the origin 
of a crack at an edge of a specimen being considered as evidence that 
the longitudinal force was eccentric. The origin of the crack was noted 
for each specimen and was as follows: for specimens 101, 104, 106, 
and 109 failure began at one edge of the specimen and spread toward 
the other edge; for 102, 103, and 108 it began in the central portion 
and spread both ways. Of the specimens for which the crack began 
at one edge, the fatigue strength was above the average for two and 
below the average for two. Of those for which the crack began near 
the middle of the specimen, the fatigue strength was below the average 
for two and above the average for one. Apparently, the fatigue 
strength of the specimen had no consistent relation to the origin of 
the crack. 

Figure 25 shows the microstructure of the weld at the junction of 
the base plate and the deposited metal for specimen 103, which is 
typical of the microstructure of all of the specimens. Each micro- 
graph is numbered and its location is indicated by the corresponding 
number on the macrograph, also given in each figure. The figure shows 
the grain size in and adjacent to the last bead that was deposited. 
The structure of the weld metal at points 1 and 2 is typical of cast 
metal. The microstructure near the middle of the weld showed the 
effect of subsequent beads, which heated the first beads that had been 
deposited, and caused a change in the grain characteristics. Micro- 
eraph 6 of Fig. 25 was taken in the heat-affected zone, and 7 was 
taken in the base plate far enough from the weld so that the grain 


structure was not affected. 


+ 


ILLINOIS ENGINEERING EXPERIMENT STATION 


52 


aia GHL NI amouq LYHY, SNAWIOddg AOTIYV-MOT oO SISA], FASLLVY NI da dO THA] SHATHSIY “FZ “OIY 


q oe tre oe 2 


80! ‘ON 


FATIGUE TESTS OF WELDED JOINTS IN STEEL PLATES 53 


Figure 26 shows the hardness gradient* for specimen 103, one 
diagram being for the upper portion and the other for the central - 
portion of the weld. Although these diagrams are for specimen 103, 
they are typical of the diagrams for all of the specimens. The de- 
posited metal is not quite as hard as the base plate, and a small area 
in the heat-affected zone is considerably harder than either the de- 
posited metal or the base plate. 
| The radiographs of specimens 107 and 108 showed no flaws; the 
: 


ones for 102, 104, 106, and 109 showed some porosity, but not enough 
_ to be satisfactorily reproduced in a cut. The radiographs of 101, 103, 

and 105 showed a degree of porosity somewhat less than that shown 
for 102. 

Although the radiograph showed no flaws in specimen 108, the 

macrograph of Fig. 24D shows several blow holes. The discovery of 

~ blow holes by the method of making sections is partly a matter of 
chance as they might be cut by some sections and not by others. But, 
of the specimens tested, 108 is the only one in which blow holes were 
discovered. The radiograph shows no flaws and the fatigue strength 
was greater than the average. Considering all the specimens tested, 
there was no consistent relation between the flaws shown by the 
radiographs and the fatigue strength of the specimens. The reason 
small internal flaws had no effect upon the fatigue strength of the 
specimen may have been due to the fact that failure occurred at the 
edge of the weld where the change in section acted as a stress raiser 
extending the full width of the specimen which was more injurious 
than the internal flaws. There is a possibility, however, that internal 
flaws might affect the fatigue strength of a specimen not having any 
large surface stress raisers like a butt weld with the reinforcement 
planed off. 

The results of the tests may be summarized as follows: 

The average fatigue strength of the welded joints, tested on a 
cycle in which the stress was completely reversed, was 25 000 Ib. 
per sq. in. for failure at 100 000 cycles and 15 000 Ib. per sq. in. 
for failure at 2 000 000 cycles. The static strength of similar speci- 
mens, given in Table 20, was 83 000 Ib. per sq. in. 

The value of the fatigue strength apparently was not appreciably 
affected by any of the following influences: (1) the location of the 
origin of the crack with respect to the edges of the specimen; (2) the 
size, number, and distribution of the nuclei; (3) the presence of minor 


blow holes. 


*The hardness was determined with a Vickers type machine and, for the range of hardness 
studied, the Vickers hardness numbers and the Brinell hardness numbers agree closely. 


ILLINOIS ENGINEERING EXPERIMENT STATION 


FATIGUE TESTS OF WELDED JOINTS IN STEEL PLATES inn 


Be 


_ VICKERS HARDNESS 
8 
& 


; 


NO.103 ss 
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All specimens failed at the edge of the reinforcing where the sharp 
change in section acted as a stress raiser over the full width. 


13. Fatigue Strength of Riveted Joints—Six riveted specimens 
were tested for fatigue failure on a cycle in which the stress varied 
from tension to an equal compression. The longitudinal edges of the 
plates of the first specimen tested, number 96, were machined to a 
point just outside of the strap plates. The remaining portions of the 
edges were flame-cut. A fatigue crack developed at a notch in the 
flame-cut edge, where the fillet meets the straight portion of the edge, 
at about the same time that a crack developed through a rivet hole 
in the outer row. Both cracks are shown in Fig. 27. The edges of the 
remaining specimens were machined over their entire length. The net 
section upon which the unit stress was based is shown in Fig. 18. The 
fatigue failure occurred on this section for all specimens. Figure 28, 
from a photograph, shows a typical failure for these Joints. 

The slip between the plates was measured on the gage lines on the 
edges of the plates, as shown in Fig. 18. The slip increased as the 
test continued. The initial slip and the slip at the last reading taken 
before the specimen failed are given in Table 23. 

The results of the tests are given in Table 24 and Fig. 22. As in 
the case of the welded joints, there was only one group of tests for 
this type of specimen, a number too small to establish a value of K 
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Fig. 27. Fatigue Crack THat ORIGINATED AT EpGE or PLATE WHERE 
THE Frutet JOINED THE TANGENT. SPECIMEN 96 


Fig. 28. Typrcan Faricgue Fairure or Pirate or Riverep Joint. 
Low-A.Loy-StTee, Pate 
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TABLE 23 
REsuLts oF Fatigue Tests or Riverep Joints: Sup BreTWEEN Puates 
‘ Slip, inches 
Specimen Stress on Net Section 
No. 1000 lb. per sq. in. 
Initial Reading Final Reading 

96 +22.4to —22.4 0.0090 0.0104 
97 +23.0to —23.0 0.0119 0.0198 

94 +23.0 to —23.0 0.0091 0.0130 
95 +19.0to —19.0 0.0086 0.0175 
99 +18.0to —18.0 0.0102 0.0250 

100 +18.0 to —18.0 0.0075 0.0390 


for the type. Instead, a straight line, B, was located by inspection 
which, it was believed, represented the results of the tests. The value 
of K was then determined for the line B and was found to be 0.14. 
The values of the fatigue strength given in columns 5 and 6 of Table 
24 were then computed by the use of the equation F = S(n/N)°"*. 
Line B is based upon the net transverse section of the plate through 
the outer row of rivets. Because line A, for the welded joints, is based 
upon the gross area, the values of the fatigue strength of the riveted 
joints, based on the gross section, were also computed. These values 


TABLE 24 
Resuuts or Fatigue Tests or Rivetep Joiwts: Low-A.LLoy-STEEL PLATES 


Fatigue Strength, 1000 lb. per sq. in. 


Based on 
Speci-| Onder | Unit Stross on | of els 7 
NGS Test- 1000 Ib. per oes bs " Net Section Gross Section 
ing sq. in. 1000s 
N = 100000|N = 2.000 000/N = 100 000|N = 2 000 000 
96 1 +22.4to —22.4 155.4 23.8 15.7* 20.1 13.3* 
97 2 +23.0to —23.0 337.9 27.3 dh. 9% 23.1 15a" 
94 3 +23.0 to —23.0 80.3 22.3 1a2c* 18.7 12.4* 
95 4 +19.0to —19.0 | 500.4 23 .8* 15.7 20.1* 13.3 
99 5 +18.0 to —18.0 | 466.0 22.38" 14.7 i pte (ke 12.4 
100 6 +18.0to —18.0 707.8 23..7* 15.6 20.0* E1872, 
Av. 23.9 15.7 20.1 13.3 


*Values marked with an asterisk (*) were not included in the averages because the ratio n/N 
for these differed too greatly from unity. 
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are given in Table 24 and are represented by the dotted line C of — 
Fig. 22. The relative positions of lines A and C indicate that, on the — 
basis of the gross section, the fatigue strength of joints in low-alloy 
steel plates is definitely higher for welded than for riveted joints. 


14. Summary of Results—The results obtained from the tests de- q . 
scribed in the preceding sections apparently justify the following | 
conclusions. 

(1) The low-alloy structural steel plates had a static strength 
based on the gross area of 83 000 Ib. per sq. in. when fabricated by 


welding and of 64 800 lb. per sq. in. when fabricated by riveting. The a 


strength of the latter based on the net section was 85 000 lb. per sq. in. 

(2) The low-alloy structural steel plates had a fatigue strength 
based on the gross area and corresponding to failure at 100 000 cycles 
of 25 000 lb. per sq. in. when fabricated by welding and of 19 800 
lb. per sq. in. when fabricated by riveting. For failure at 2 000 000 
cycles, the corresponding values were 15 000 lb. per sq. in. and 13 800 
Ib. per sq. in. for welded and riveted joints, respectively. These values 
of the fatigue strength are for a cycle in which the stress varied from 
tension to an equal compression. 


(3) The fatigue cracks in the riveted specimens passed through the — 4 


holes in the outer row. Those in the welded specimens always began 
at the edge of the deposited metal where the abrupt change in section 
acted as a stress raiser that extended the full width of the specimen. 


IV. Errect or Pertops oF Rest Upon Fatigue - 
Srrenctu or Burr Webs 


15. Description of Tests—Fatigue tests are usually run continu- 
ously, whereas the structural members of a bridge floor, the members 
most likely to be affected by fatigue, are subjected to a number of 
eyeles in rapid succession and then rest for a considerable period. 
The question has often been asked whether or not the fatigue strength 
obtained from continuous tests is applicable to structures which have 
alternate periods of rest and of frequently repeated loads. In order 
to answer this question a series of tests was planned to determine the 
effect of rest periods upon the fatigue strength. For this purpose two 
machines were constructed which could be run either continuously at 
180 r.p.m. or adjusted so that they could be run continuously for 100 
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TABLE 25 


-Puysican PROPERTIES OF PLATES AND CHEMICAL COMPOSITION OF PLATES AND 
Wetp Merat Usep In Rest Trsts 


Stresses, Ib. per sq. in. 
Reduction of Area 


; ; per cent 
Yield Point Ultimate Strength 
Range 30 500 to 33 000 56 000 to 59 000 51.0 to 58.0 
Average 31 900 57 700 $ 55.4 
Chemical Composition 
Plates 
Carbon Manganese Silicon Copper | Phosphorus} Sulphur 
Range 0.22 to 0.43 to 0.01 to 0215.66 0.012 to 0.030 to 
0.28 0.46 0.02 0.18 0.019 0.037 
Average 0.27 0.45 0.01 0.166 0.015 0.034 
Range 0.09 to 0.30 to 0.07 to 0.06 to 0.017 to 0.028 to 
Weld 0.11 0.33 0.11 0.08 0.021 0.036 
Metal 
Average 0.10 0.31 0.08 0.07 0.020 0.034 


cycles and then stopped for a predetermined period. The period of 
rest was 5 minutes for one machine and 30 minutes for the other. The 
machines, which had a capacity of 50 000 lb., were automatic and 
ran night and day without an attendant. 

The details of the specimens used in the rest tests are shown in 
Fig. 2. All specimens were cut from one parent plate and the same 
electrode and the same welding procedure was used for all specimens. 
Tension control specimens and chemical samples were taken at various 
points over the plate to determine its uniformity. The physical proper- 
ties and the chemical composition are given in Table 25. 

A survey of the microstructure and hardness of the weld joint 
indicated that the fatigue strength would not be materially affected 
by the metallurgical structure of the weld. The maximum hardness 
in the heat-affected zone of the plate varied from 134 to 166 Vickers, 
values that are acceptable. The plate metal had an average hardness 
of 120, and the weld metal had an average hardness of 125. The 
structure in the heat-affected zone of the plate was a very fine pearlite 
which had good properties of strength and ductility. 

The method of making a test was as follows: Nine identical 
specimens were selected for a series to be tested at a given cycle, the 
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TABLE 26 


CaRBON-STEEL PLATES 


Number of \Strength in 10005 of 1b. per sg.it. 
oe Se cco 
Failure, 17,\ Static fatigues T, Fatigue Crack — 


No. 


& | +200 to -200 
| #200 to -20.0 
R | 4200 to -20.0 
S | 4200 to -200 
S 420.0 to 
*) 
435.0 
ie. O 10 35.0 
M3 ae 0 to +350 
¢ 
Gi & O to +30.0 
G2 0 to #300 
G3 9 0 to +30.0 
J/ = 0 to +270 
ve 0 to +27.0 
SS 0 to +27.0 
ee O to +30.0 
ee 0 to +30.0 
(eh Y 0 to +300 
S 
LE AW as O to +270 
gl PS 0 to +270 
£3 nS) 0 to +270 
are aig EA 
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sed Be Ne’ 
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No Rest 
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Fia. 29. S-N DracramMs ror Butt WELDS IN 14-1IN. CARBON-STEEL PLATES 


maximum stress in the cycle and the ratio of the minimum to the 
maximum stress to be the same for all. Three were tested continu- 
ously, three were tested with 5-min. rest periods following each 100 
cycles and three were tested with 30-min. rest periods following each 
100 cycles. Some series were planned for failure at 100 000 cycles, 
others for failure at 2 000 000 cycles. The latter, however, did not 
include the tests with 30-minute rest periods because of the time that 
would be necessary for such a test. All specimens were tested with 
the reinforcement on. 

The results of the individual tests are given in Table 26, and the 
S-N diagrams for all of the tests except those with a 30-minute rest 
period are given in Fig. 29. There were not enough data to determine 
the S-N diagrams from tests with a 30-min. rest period, but the 
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TABLE 27 


Errect or Pertops or Rest Upon Faricue Strencts or Burr WELDS IN }4-IN. 
CARBON-STEEL PLATES 
Summary of Results 


Fatigue Strength,* 1000 lb. per sq. in. 
ig ae N = 100 000+ N = 2.000 000 
sq. in —————— 
No Rest | 5-minute | 30-minute | No Rest | 5-minute — 
Rest Rest Rest 
+20.0 to —20.0 20.1 20.5 19.8} 
20.2 
Reversal 
7 —16.0 15.4 14.2 
+16.0 to ee 
Oto +30.0 34.3 27.2 
he Oto +27.0 : 25.6 23.8 
Oto +35.0 37.6 34.9 


*Each value represents the average of three tests. 
tN represents the number of cycles for failure. — : . 
{Two groups of three tests each at this rest period with average fatigue strengths as shown. 


equation of the other S-N diagrams was F = S(n/N)°+* and, since 
the specimens were identical, it has been assumed that the same equa- 
tion applies for tests with a 30-min. rest period. The values of F : 
given in columns 6 and 7 of Table 26 have been computed from the. 
data in columns 3 and 4 by the use of that equation. The average 
values given in Table 26 are repeated in Table 27, which is a summary 
of the results of all of the tests to determine the effect of periods of 
rest upon the fatigue strength of butt welds in %-in. carbon-steel 
plates. 

The difference between the fatigue strengths given by rest tests 
and by continuous tests had an average value of 5 per cent and a 
maximum value for any one series of 10 per cent, the values obtained 
from the rest tests being slightly less than those obtained frorh the 
continuous tests. It would seem, therefore, that rest periods did not 
have a significant effect. upon the fatigue strength of the welded joints. 

Unpublished results obtained by Moore and Putnam at the Uni- 
versity of Illinois showed a similar lack of significant effect of rest 
upon the fatigue strength of small polished specimens. 


*The fact that K was found to be 0.10 for butt welds in 14-in. plates and 0.13 for butt 
welds in %-in. plates may have been due to the difference in the thickness of the plates. 
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Fic. 30. Deramts or SPECIMENS 


V. Tests To DETERMINE EFFECT OF TRANSVERSE FILLET WELDS 
Upon FatTIGUE STRENGTH OF STEEL PLATES 


16. Description of Specimens and Tests——The object of the tests 
was to determine the effect of transverse fillet welds upon the fatigue 
strength of steel plates. Three types of specimens were used, the 
details of which are shown in Fig. 30. Type I was a continuous plate 
without welds or joints and with mill scale on both sides; type II had 
a narrow transverse plate attached to one side of the main plate with 
two transverse fillet welds; type III had transverse plates attached 
to both sides of the main plate. The main plate was continuous for 
all three types of specimens. 

Specimens of each of the three types were made of two grades of 
steel, a medium-grade carbon steel and a low-alloy steel.* Each of 
the six groups contained six identical specimens that were tested in 
fatigue on a cycle in which the stress varied from tension to an equal 


compression. 
Six coupon specimens of each material were tested for the purpose 


*This low-alloy steel is of the same type as that used in the tests described in Chapter IIT. 
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TABLE 28 
PuysicaAL PROPERTIES OF BASE PLATES 


rellag Yield Point Ultimate Elongation in Reduction of 
Specimen lb. per Strength in. Area 
No. sq. in. lb. per sq. in. per cent per cent 
Carbon-Steel Plates 
Nl 34 250 59 800 31.0 52.8 
N2 34 000 58 700 31.0 56.7 
N3 34 000 58 200 31.0 55.1 
N4 35 000 58 100 31.8 57.8 
N5 35 200 58 400 28.1 51.6 
N6 34 600 59 100 31.4 56.4 
Av 34 500 58 700 30.7 Fis ak 
Low-Alloy Plates 
M 58 500 79 000 21.6 61.3 
N 58 700 79 700 208 62.5 
O 59 500 79 250 21.0 62.0 
P 59 000 79 200 21.0 59.8 
Q 59 400 78 700 21.4 62.2 
R 59 650 77 800 17.5 61.5 
Av 59 125 78 940 20.5 61.5 


of determining the yield point, ultimate strength, per cent elongation 
in 8 inches, and per cent reduction of area. The results of the tests 
are given in Table 28. The average values of the physical properties 
were as follows: 

The carbon-steel plates had a yield point of 34 500 lb. per sq. in., 
an ultimate strength of 58 700 lb. per sq. in., an elongation in 8 inches 
of 30.7 per cent, and a reduction of area of 55.1 per cent. : 

The alloy steel had a yield point of 59 125 Ib. per sq. in., an ulti- 
mate strength of 78 940 lb. per sq. in., an elongation in 8 inches of 20.5 
per cent, and a reduction of area of 61.5 per cent. 

Stress-strain data were taken for two specimens of each material 
and the resulting stress-strain diagrams are given in Fig. 31. 

Drillings from the base plate and from the deposited metal were 
analyzed and the chemical composition is given in Table 29. 

The welding procedure was as follows: In fabricating the speci- 
mens with a single member normal to the base plate, the plate was 
placed in the horizontal position, the normal member tack-welded to 
the plate, and the assembly completed with a single-pass horizontal 
fillet weld on each side of the normal member. For the specimens 
that had normal members on both sides of the base plate, one side was 
fabricated as described, the specimen was then turned over and the 
process repeated. Data relating to the welding are given in Table 30. 
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Low-ALLoy-STEEL PLATES 


17. Results of Tests—The details of the tests are reported in 
Tables 31 and 32, and the S-N diagrams are given in Fig. 32. The 
specimens were originally made with a fillet radius of 4% in., but 
the first three specimens tested, 7, 8, and 9, Table 31, all broke 
in the fillet. The remaining specimens were then machined to a 12-in. 
radius. Specimens 7, 8, and 9 probably broke at a smaller number of 
cycles than they otherwise would because of the small fillet radius. 
For that reason these tests were not considered in drawing the lower 
S-N diagram of Fig. 32. For all other S-N diagrams, the points repre- 
senting individual tests were located and a straight line was drawn 
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TABLE 29 


CHEMICAL CoMPosITION OF PLATES AND WELD METAL 


Carbon Steel Alloy Steel 
Element 
Plate Weld Metal Plate Weld Metal 

(OFF Coe et Ome Croom or tuinakict 0.233 0.09 0.165 0.08 
IME ATIOKE ie, hos com atone aol eee aciiecs ets ai 0.515 0.500 1.22 0.52 
PROS POLS woe cecsie eg Perse ous Brew a a & oh 0.0147 0.015 0.022 0.0165 
Sulphuric press eeieci nde tastee cls 0.041 0.026 0.066 0.025 
SULCOM stare c chetess > score mete omer eto 0.016 0.215 0.20 0.23 
COPPER yale «she's; sy 21s cere es Re Slee oe 0.22 0.06 0.02 0.015 
Chromiumsr ee cote cee ete ees 0.075 0.012 0.03 0.01 

\ ERG DINO nig eon Sa rcnEes on Atomic 0.01 0.01 0.10 0.01 


which, it was believed, represented the average results. The value 
of K was then determined which made the equation F — S(n/N)* fit 
the line. The value of K for each line is given on the diagrams. The 
exponent AK had a value of 0.10 for the type II specimens of alloy 
steel and that value was therefore used in drawing the S-N diagram 
for the type II specimen of carbon steel, the lower diagram of Fig. 32. 
The position of the line was determined from the three points to the 
right; the three points to the left, which were believed to be too low, 


being ignored. 


The values of F for the individual tests, computed by the use of 
the empirical equation F = S(n/N)*, are given in columns 5 and 6 


~ 
~ 


TasLE 30 
Data ReELatTiInG TO WELDING 

Base Material Carbon Steel Alloy 
iby pe of Electrode «qtyac tataewn sere aaa enn EA BA 
mize Of Mlectradke. wcers eiuenadetets«: manera 346 in. eo in. 
Hlectrode Manufacturers... ........<-++0e.--s) Reid-Avery Co. Reid-Avery Co. 
Number of Passes per Weld..........:.0ccsee00 1 1 
Open: CirouithVoltageyesusse- eee see ene 63 63 
AMeLViOLGS| bora 3.2 syarduareretaleta s AROSE eee tae Ee 26 26 
ATC ATM DETES "Ss sta pusen art iocaneen Aaah eee 170 170 
POSLGLON Fein tjaiwisssieishees ots cee en eT Flat Flat. 
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TABLE 31 


Fatigue STRENGTH oF Piates WiTH TRANSVERSE FILLET WELps; CarBon- 
Sree, PLatEs 


Number of 


Speciinen Stress, S Fatigue Stren 
i gth, F,* ‘ 
(02 10005 of & = ap et 17 10005 of 1 per sq. ir. Hee or 
No. 1. per sgl. \" 1000's. Re ee arigue Crack 


2 eee} ef SY 


+28.0 to -28.0 
+28.0 to -28.0 
+26.0 to -26.0 
#+24.0 to -24.0 
+24.0 10 -24.0 
+240 to -240 


/ (Central Part) 
/ (Central Part) 
2 


rs 
1 (Central Part) 
S 


+2/.0 to é / 
/4 +2/.0 to -2/.0 / 
Ce 421.0 to -2/.0 ue 
16 tf LD AO bf / 
17 #/$.0 to -18.0 / 
+/4.0 to / 


“rae 


e@ Values marked © ror included it? averages. 


of Tables 31 and 32, the value of K used for each group of tests being 
as given on the corresponding S-N diagram. 

The values of the fatigue strength for the various groups of speci- 
mens given in Tables 31 and 32 are summarized in Table 33. 


18. Discussion of Results—The fatigue strength of the type I and 
type II specimens was significantly greater for the alloy steel than it 
was for the carbon steel. For the type III specimens, the fatigue 
strength for failure at 100 000 cycles was approximately the same for 
the two kinds of steel, but, for failure at the larger number of cycles, 
the fatigue strength was somewhat less for the alloy than it was for 
the carbon steel. 

The specimens have been examined in order to learn whether or 
not there was any correlation between characteristics of the specimens 
and their fatigue strength. This examination included a determination 
of the contour of the welds and a hardness survey and study of the 
microstructure in and near the heat-affected zone. 
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TABLE 32 


Faricue Strenctu or Piates WitH TRANSVERSE Fitter WeLps; ALLOY- 
STEEL PLates 


Number of \ fatigue Strength, F;* 


Specie SESS Siar aaa lee : 4 Location of 
in 10008 ae Farilires la a LOS POPPI ETE Fatigue Crack 
ib. per sq. 2. |" in 1000's | N=/00000 \N=2000 000 
(3) (4) @) 6) (A) 
+300 40 -30.0 553.0 356 0 264 3 
+300 to -30.0 409.9 34.6 0 25.6 3 
39 +30.0 to -30.0 763.7 36.8 0 Zr 4 
40 4340 to -34.0 153.3 35.5 23013 
4/ +34.0 to -34.0 201.6 365 270 e | 3 
42 434.0 to -34.0 96.3 33.9 25 fre. 3 
A= 0.10 Av. 35.3 Av. 264 
+ 
43 425.0 to -25.0 30.9 © 22.9 2 
44 +25.0 to -25.0 31.5 @ 234 wig 
45 +25.0 to -25.0 , 34,7 @ 25.0 No failure 
46 +28.0 to -28.0 500.0 329 @ 244 / rs 
47 429.0 to -29.0 299.7 324 | w4a06)|/ 
48 |. +29.0 to -29.0 31.0 2296 | / 
K=0.10 


Av. 31.7 Av. 23.9 


Fo +21.0 to -2/.0 : Le /03 @ / 
50 421.0 to -21.0 89.0 204 94 e / 
S/ +2/.0 to -2/.0 157.8 Teed 10.9 @ id 
$2 +/4.0 to 14.0 873.7 24.6 @ ies “i 
53 +/4.0 to -/4.0 475.9 2/.0 © 9.6 / 
t/3.0 70 13.0 590.1 20.6 © Shes / 

Au 22.2 Av. /0./ 


e Values marked © not included i averages. 


The height of the weld and the thickness of the throat were 
measured with the weld gage* shown in Fig. 33. These measure- 
ments indicated that, in general, the throat thickness was slightly less 
for the carbon-steel specimens than it was for the specimens made of 
the alloy steel. The welds for each of the two plate materials had 
distinguishing characteristics in spite of the fact that the same elec- 
trode and the same position and procedure in welding were used for 
both. In general, the welds on the carbon-steel specimens not only 
had a smaller throat than those on the alloy specimens, but the angle 
between the fillet surface and the face of the base plate was also 
smaller. Figures 34 and 35 show typical fillets for the two kinds of 
plate material. It should be noted that the fatigue crack followed the 
junction of the weld and main plate for all specimens. 

Because the bead played such an important part in the fatigue 
failure, all specimens containing welds were given a bead rating which 


*This gage was developed by the Bureau of Construction and Repair, U. S. Navy. 
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was intended to indicate the probable influence which the bead had 
upon the fatigue strength of the specimen. The ratings and specimen 
numbers are listed in Table 34. A description of each rating is given 
at the foot of the table. The fatigue-strength rating of the same speci- 
mens is given in Table 35. The data in Tables 34 and 35 are combined 
in Table 36. In this table the specimens are separated according to their 
bead ratings, and also according to the plate materials. The average 
fatigue-strength rating for each plate material is also given. These 
averages lose some of their significance due to the fact that, for a 
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TABLE 33 
Fatigue StrenctH or Puates Wir TRANSVERSE Fitter WELDS 
Summary 
Average Fatigue Strength, 1000 lb. per sq. in. 
Kind of Type of 
Steel Specimen 
N = 100000 N = 2000 000 
I 25.8 22.8 
Carbon II 25.4* 18.9 
Itt 22.9 13.1 
if 35.3 26.4 
Alloy II 31.7 23.9 
Ill 22.2 10.1 


*Value taken from diagram of Fig. 32 instead of from Table 32 because specimens 7, 8, and 9 \ 


broke in the fillet (see text). 


given plate material, most of the specimens of a group had the same 
bead rating. It is of interest to note, however, that, for a given 
material, the average fatigue-strength rating had practically the same 
value for all bead ratings. It would therefore appear that, although 
the character of the bead had some affect upon the fatigue strength 
of the specimens, the variations in the beads did not affect the fatigue 
strength of the specimens tested by more than 5 per cent. 


19. Metallurgical Studies—The purpose of the metallurgical 
studies was to obtain for each type of joint, of each of the two steels, 
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the metallurgical character of the joint, and to determine to what 
extent, if any, the variations of the fatigue values of the welds could 
be attributed to the metallurgical character of the weld. Metallurgical 
examinations, consisting of a survey of the microstructure and hard- 
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TABLE 34 
Rating or Beaps FrRoM PROFILE 


Carbon-Steel Specimens Alloy-Steel Specimens 
Specimen Bead Specimen Bead Specimen Bead Specimen Bead 
: No. Rating No. Rating No. Rating No. Rating 
\ 
7 A 13 A 43 A 49 B 
8 A 14 B 44 D 50 B 
9 A 15 A 45 51 A 
10 B 16 B 46 B 52 B 
it A 17 Cc 47 B 53 B 
12 A 18 A 48 B 54 B 


Rating A: No undercutting, normal convex or concave bead with smooth, concave junction 
of bead with plate. . i 

Rating B: No undercutting, convex bead with sharp re-entrant angle at junction of weld bead 
and plate. 

Rating C: Undercutting with normal convex or concave bead. 

Rating D: Undercutting, convex bead, sharp re-entrant angle. 


ness, were made in the weld metal, in the heat-affected zone of the 
base plate, and in the unaffected plate metal for all specimens. Inas- 
much as it developed that all similar specimens had the same metal- 
lurgical characteristics, the details are reported for only a few. 

The results of the examination of typical specimens of the two 
steels are shown in Figs. 36 to 40. In these figures the system of des- 
ignating areas indicated in Fig. 36 was followed, the region of the — 
unaffected base material being represented by a, of the heat-affected 
zone by b, and of the weld metal by c. Complete hardness surveys 
were made of each type of welded joint of each of the two steels, but 
the photomicrographs were taken only of the vital regions and of the 
areas of unusual interest. Several specimens had fatigue values that — 
were not in agreement with the values of the other specimens. As 


TABLE 35 
FATIGUE-STRENGTH RaTING* 
Carbon-Steel Specimens Alloy-Steel Specimens F 

5 Fatigue- . Fatigue- * Fatigue- * Fatigue- 
Reece Strength Specimen Strength Species Strength peace Strength 
8 Rating f Rating : Rating c Rating 

cd, 0.96 13 0.96 43 0.95 49 1.01 

8 1.03 14 0.99 44 0.97 50 0.92 

9 1.02 15 1.05 45 1.06 51 1.07 

10 0.98 16 1.01 46 1.01 52 italy 

11 1.03 17 0.94 AT 1.02 53 0.95 

12 1.01 18 1.04 48 0.98 54 0.94 


*The fatigue-strength rating is the ratio of the fatigue strength of the individual specimen to 
the average fatigue strength of the group to which the individual belonged. 4 
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TABLe 36 
Retation Between Brap RatinG AND FAaTIGUE-STRENGTH RATING 


= a ee ee eee. 


Bead Rating A Bead Rating B Bead Rating C Bead Rating D 
poieral of 
specimens : Fatigue- = Fatigue- . i i 
Swediat gu atigue- Fatigue- Fatigue- 
Pp Ra prengeh Rngetaia Strength Speman Strength Specimen Strength 
ating Rating : Rating : Rating 
Carbon Steel re 0.96 10 0.98 17 0.94 
8 1.03 14 0.99 
9 1.01 16 1.0 
11 1.03 
12 1.01 
13 0.96 
15 1.05 
18 1.04 
Av. 1.01 0.99 0.94 
Alloy Steel 43 0.95 46 1.01 44 0.97 
51 1.07 47 1.03 
48 0.98 
49 1.01 
50 0.92 
52 i Wise | 
53 0.95 
54 0.94 
Av. 1.01 0.99 0.97 


these unusual results could not be attributed to the contour of the 
weld bead or to other physical discontinuities of the weld joint, the 
welds were examined for metallurgical discontinuities. 

The microstructure and hardness values of the tee and double-tee 
welded joints of the carbon steel indicated that all areas of the welds 
had desirable physical properties. The hardness survey of specimen 
14, presented in Fig. 36, shows that the maximum hardness in the 
heat-affected zone of the main plate was less than 180 Vickers, which 
is below the tentative weldability standard of 200 Vickers set by the 
American Welding Society. The maximum difference in hardness be- 
tween the heat-affected zone of the plate and the unaffected plate is 
50 Vickers numbers which is well below the maximum safe value. 

The structure in the heat-affected zone of the main plate of speci- 
men 8, shown in Fig. 37, was sorbitic, which indicated that this zone 
had greater strength and ductility than the unaffected plate metal. 
Region B, Fig. 37, shows the root of the weld of specimen 8. Region C 
shows overlapping of the weld metal at the toe of the fillet and also 
undercutting. 

The microstructure and hardness values of the heat-affected zone 
of alloy-steel specimens showed no indication of any undesirable 
metallurgical changes due to welding. The variation in hardness for 
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specimen 43, is shown in Fig. 38. The maximum hardness in the heat- 
affected zone of the alloy-steel specimens did not exceed 230 Vickers, | 
and the maximum hardness variation in the joint did not exceed 50, 
which is acceptable. The micrographs of the heat-affected zones of the 
single-tee and double-tee specimens were so similar that the micro- 
graphs of specimen 49, shown in Fig. 39, are representative of both 
types of joints. The structure of the heat-affected zone was sorbitic, 
as shown by A, B, C, and D of the figure. 

Figure 38 shows the overlapping of the weld metal at A, the toe 
of the fillet of specimen 43, nevertheless, failure was at B. Figure 39 
shows overlapping of the weld metal at G, the toe of the fillet of 
specimen 49, the point at which the fatigue crack started; and Fig. 40 
shows the path of the fatigue crack through the heat-affected zone. 


75 


FATIGUE TESTS OF WELDED JOINTS IN STEEL PLATES 


SNGNIOGdg IdaLg 


NOduvy) TIV YOu IVOIdAT, ‘8 NAWIOddS AO AYNLONYLSOMOIP, “LE “OI 


76 


ILLINOIS ENGINEERING EXPERIMENT STATION 


a Flate 
4 Heat Affected Zone 
c Weld Neta/ 


Ne 
K 


Vickers Hardness 


‘70 


Fic. 88. Harpnuss DrtacraMsg For SPECIMEN 43. Typrcar For ALL 
ALLoy-StreL Specimens 


Fic. 39. MuicrosrrucrurE or SpecIMEN 49. TypricaL ror ALL ALLoy-STEEL SPECIMENS 


ILLINOIS ENGINEERING EXPERIMENT STATION 


78 


FATIGUE TESTS OF WELDED JOINTS IN STEEL PLATES ~ 79 


The fatigue strength was not, however, significantly lower for these 
than for other similar specimens. 

i Figure 39F shows the unusual structure of the heat-affected zone 
of one of the fillet welds. The time and temperature of heating were 
such that the diffusion of carbon did not produce a homogeneous 
structure. 

The metallurgical changes due to welding were not significant for 
either the carbon or the alloy steel. The maximum Vickers hardness 
number was 200 for the carbon steel and 230 for the alloy steel; and 
the maximum hardness variation in a joint was 50. The welding pro- 
cedure developed a tough sorbitic structure in the heat-affected zone 
of both steels. 


20. Summary—The values of the fatigue strengths of the indi- 
vidual specimens are given in Tables 31 and 32, and the average 
values are summarized in Table 33. These results, together with the 
discussion contained in Sections 18 and 19, apparently justify the 
following statements: 

(1) The fatigue strength of the type I and type II specimens was 
significantly greater for the alloy steel than it was for the carbon 
steel. For the type III specimens the fatigue strength for failure at 
100 000 cycles was approximately the same for both kinds of steel, 
but, for failure at a larger number of cycles, the fatigue strength was 
somewhat less for the alloy than it was for the carbon steel. 

(2) The fatigue strength of specimens made of the alloy steel was 
considerably greater for the type II specimens and somewhat less for 
the type III specimens than the fatigue strength of butt welds in the 
alloy-steel plates reported in Table 22, page 49. 

(3) The metallurgical changes due to welding were not significant 
for either the carbon steel or the alloy steel. The maximum hardness, 
expressed in Vickers numbers, was 200 for the carbon steel and 230 for 
the alloy steel, and the maximum hardness variation in the joint was 
50. The welding procedure developed a tough sorbitic structure in the 
heat-affected zone of both steels. 

(4) The character of the bead had some effect upon the fatigue 
strength of the specimens, but the variations in the beads for a given 
base metal probably did not, for the specimens tested, affect the 
fatigue strength by more than 5 per cent. 


80 ILLINOIS ENGINEERING EXPERIMENT STATION 


VI. SummMARY OF RESULTS 


21. Summary.—In order to define completely the fatigue strength 
of a specimen, it is necessary to give the maximum stress in the stress 
eycle, the ratio of the minimum to the maximum stress, and the num- 
ber of cycles for failure. The stress cycles used in the tests reported 
in this bulletin include tension to an equal compression, zero to tension, 
and tension to tension one-half as great. The corresponding ratios of 
minimum to maximum stress, designated by r, are —1.0, 0.0, and +-0.5. 
Some specimens of each group were tested for failure at a small num- 
ber of cycles (approximately 100 000) and others for failure at a 
large number of cycles (approximately 2 000 000). The fatigue 
strength corresponding to failure at 100 000 cycles and at 2 000 000 
cycles was computed from the actual stress and the actual number of 
cycles for failure by means of the empirical equation F = S (n/N)*, 
in which F is the fatigue strength corresponding to failure at N cycles, 
S is the maximum stress in the stress cycle which caused failure at n 
cycles, and K is an experimental constant whose value depends upon 
the stress-raising characteristics of the specimen. Although it is an 
empirical equation it is fairly accurate if the ratio n/N does not vary 
too much from unity. 

The tests reported in this bulletin apparently justify the following 
statements relative to the results obtained from each of the four 
groups of tests. 


Butt Welds in 7%-in. Carbon-Steel Plates 


(1) The average value of the fatigue strength for each group of 
tests is given in Table 18, page 39, and the effect of the ratio of the» 
minimum to the maximum stress upon the fatigue strength is repre- 
sented by the diagrams of Fig. 14, page 40. 

(2) For specimens in the as-welded condition, the values of the 
fatigue strength for a cycle in which the stress varied from tension to 
an equal compression were 22 300 lb. per sq. in. for failure at 100 000 
cycles and 14 400 lb. per sq. in. for failure at 2 000 000 cycles, and 
for a cycle in which the stress varied from zero to tension the values 
of the fatigue strength were 33 100 lb. per sq. in. for failure at 100 000 
cycles and 22 500 lb. per sq. in. for failure at 2 000 000 cycles. 

(3) For specimens in the as-welded condition, except that the 
reinforcement had been machined flush with the base plate on both 
sides, the values of the fatigue strength for a cycle in which the stress 
varied from tension to an equal compression were 28 900 lb. per sq. in. 
for failure at 100 000 cycles and 16 850 lb. per sq. in. for failure at 
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i 2 000 000 cycles. These values are considerably higher than cor- 


: 


responding values reported in the preceding paragraph for similar 


specimens with the reinforcement on. 


(4) A comparison of the fatigue strength of butt welds that have 
been stress-relieved by heat treatment with the fatigue strength of 
those that have not been stress-relieved indicates that stress-relieving 
did not affect the fatigue strength. This was true for the specimens 
with the reinforcement off as well as for those with the reinforce- 
ment on. 

(5) Specimens from which the reinforcement had been machined 
flush with the base plate on both sides had approximately the same 
fatigue strength as plates without welds but with the mill scale on. 

(6) Specimens from which the reinforcement had been ground 
flush with the base plate on both sides with a portable grinder had 
a fatigue strength only slightly lower than that of similar specimens 
with the reinforcement machined off. 

(7) Specimens with the reinforcement and mill scale machined off 
and the surfaces polished had a fatigue strength somewhat greater 
than that of specimens with the mill scale on, but considerably lower 
than that of small round machined and polished specimens. This 
latter difference may be due to the size effect. 

(8) For all kinds of specimens, stress-relieved or not stress- 
relieved, reinforcement off or reinforcement on, the fatigue strength 
corresponding to failure at 2 000 000 repetitions of a cycle in which 
the stress varied from tension to tension one-half as great exceeded 
the yield point of the material, and is therefore not important to the 
structural designer. 


Relative Strength of Welded and Riveted Joints 
in Low-Alloy Steel Plates 


(9) The low-alloy structural steel plates had a static strength 
based on the gross area of 83 000 lb. per sq. in. when fabricated by 
welding and of 64 800 lb. per sq. in. when fabricated by riveting. The 
strength of the latter based on the net section was 85 000 lb. per 
sq. in. 

(10) The low-alloy structural steel plates had a fatigue strength 
based on the gross area and corresponding to failure at 100 000 cycles 
of 25 000 Ib. per sq. in. when fabricated by welding and of 19 800 lb. 
per sq. in. when fabricated by riveting. For failure at 2 000 000 
cycles, the corresponding values were 15 000 Ib. per sq. in. and 13 800 
Ib. per sq. in. for welded and riveted joints, respectively. These values 
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of the fatigue strength are for a cycle in which the stress varied from @ 
tension to an equal compression. x 

(11) The fatigue cracks in the riveted specimens passed through 2 
the holes in the outer row. Those in the welded specimens always — 
began at the edge of the deposited metal where the abrupt change in — 
section acted as a stress raiser that extended the full width of the — 
specimen. 


Effect of Periods of Rest Upon Fatigue Strength of Butt Welds 


(12) The specimens, which were as nearly identical as it was 
feasible to make them, were divided into three groups. One group was — 
subjected to continuous tests, a second group was subjected to an 
intermittent test in which a specimen was subjected to a 5-min. rest 
period after each 100 cycles, and a third group was subjected to an 
intermittent test in which a specimen was subjected to a 30-min. rest 
period after each 100 cycles. The average results of the fatigue tests 
are given in Table 27, page 62. 

(13) The difference between the fatigue strengths given by rest 
tests and by continuous tests had an average value of 5 per cent and 
a maximum value for any one series of 10 per cent, the values obtained 
from the rest tests being slightly less than those obtained from the 
continuous tests. It would appear, therefore, that rest periods did not 
have a significant effect upon the fatigue strength of the welded joints. 


Effect of Transverse Fillet Welds Upon the Fatigue 
Strength of Steel Plates 


(14) The details of the specimens are given in Fig. 30, page 63) 
and the average results of the fatigue tests are given in Table 33, 
page 70. 

(15) The fatigue strength of the type I and type II specimens 
(see Fig. 30) was significantly greater for the alloy steel than it was 
for the carbon steel. For the type III specimens the fatigue strength 
for failure at 100 000 cycles was approximately the same for both 
kinds of steel, but, for failure at a larger number of cycles, the fatigue 
strength was somewhat less for the alloy than it was for the carbon 
steel. 

(16) The fatigue strength of specimens made of the alloy steel 
was considerably greater for the type II specimens and somewhat less 
for the type III specimens than the fatigue strength of butt welds in 
the alloy-steel plates reported in Table 22, page 49. 

(17) The metallurgical changes due to welding were not significant 
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for either the carbon steel or the alloy steel. The maximum hardness, 
expressed in Vickers numbers, was 200 for the carbon steel and 230 
for the alloy steel, and the maximum hardness variation in the joint 
was 50. The welding procedure developed a tough sorbitic structure 
in the heat-affected zone of both steels. 

(18) The character of the bead had some effect upon the fatigue 
strength of the specimens, but the variations in the beads for a given 
base metal probably did not, for the specimens tested, affect the 
fatigue strength by more than 5 per cent. 
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